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PREFACE 


Electrical power technology has made enor- 
mous progress in recent years. Improvements 
in materials, transmission methods, and rotat- 
ing machinery have been so great that electric- 
ity continues to be an all-pervasive source of 
energy. 

This book is intended to give a broad over- 
view of modern electrical power technology. It 
covers the basic principles of transformers and 
rotating machines, transmission. and distribu- 
tion systems, and power electronics as- 
sociated with these fields. Toward this end, the 
subject matter has been divided into seven 
distinct parts: (1) Fundamentals; (2) Electrical 
Materials; (3) Alternating Current Circuits; (4) 
Transformers; (5) Rotating Machinery; (6) 
Electrical and Electronic Controls and (7) Elec- 
trical Energy. These major divisions, compris- 
ing 31 chapters, can be covered either sepa- 
rately or in sequence, in whole or part, depend- 
ing on the particular program of study. Cross 
references to preceding chapters and equa- 
tions make it easy to return to the original 
source of information, when required. 

In order to convey the real-world aspects of 
machinery and systems, particular attention 
has been paid to such important elements as 
the inertia of revolving masses, the limitations 
of available materials, and the problems 
created by heat. It is felt that this approach also 
falls in line with the multidisciplinary programs 
of many colleges and technical institutes. 

The subject matter requires a background in 
basic circuit theory, algebra and some 
trigonometry. Owing to its multidisciplinary ap- 
proach, and its straightforward treatment of 
even complex topics, we believe this book will 
meet the needs of a broad range of readers. 
First, it is appropriate for students following a 
two-year electrical program in community col- 


leges and technical institutes. It can also be 
used in those courses in an electronics pro- 
gram that deal with transformers or machinery 
and controls. The text can also be incorporated 
in a 4-year technology program, owing to its 
very broad coverage. Many of these programs 
are supported by hands-on laboratory work. 

Students following industrial training pro- 
grams will also find the book contains a great 
deal of practical information that can be di- 
rectly applied in that greatest laboratory of 
all—the electrical industry itself. Finally, at a 
time when much effort is being devoted to 
continuing education, this book, with its many 
worked-out problems, is particularly well 
adapted for self-study. 

The exercises at the end of each chapter 
are organized so that readers may solve prob- 
lems appropriate to their particular level of 
interest, background and ability. They are di- 
vided into three levels—practical, intermediate 
and advanced. Furthermore, to encourage the 
reader in solving the exercises, the answers 
are given at the end of the book. 

A quick glance through the text shows the 
importance given to photographs. All equip- 
ment and systems are illustrated by diagrams 
and pictures, showing them in various stages 
of construction, or in actual operation. Many 
students may not have had the opportunity to 
visit a generating station or to see at close 
hand the equipment used in the transmission 
and distribution of electrical energy. The pho- 
tographs help convey the magnificent size of 
these devices and machines. Furthermore, 
many problems are directly related to the pho- 
tographs, making them all the more real. 

The International System of Units (SI), now 
widely adopted throughout the world, is used in 
this text. This decision is based upon the fact 





that textbooks in every field are rapidly adopt- 
ing this new system of units. In this regard, 
special care has been taken to use units and 
symbols according to accepted standards. The 
reader not yet familiar with SI will be surprised 
by its basic simplicity. It may take a little time to 
get used to such units as weber, newton, 
pascal and so forth, but the simple method 
explained in Chapter 1 facilitates the conver- 
sion from one system to any other. Also, some 
of the exercises at the ends of the chapters 
use English units, and some use Sl. Thus, 
Students can become proficient at solving 
problems with both systems. 

Power electronics is assuming an ever- 
growing place in the electrical power field. In 
recognition of this fact, we have included four 
important chapters on this subject. After intro- 
ducing the principles of power electronics, the 
text goes on to cover the major aspects of ac 
and de drives. They comprise the modern 
electronic methods of controlling medium and 
large-power machines. 

Finally, a chapter is devoted to the dc 
transmission of electric power. Major installa- 
tions of this kind are presently in operation 
throughout the world. It is expected that dc 
transmission lines and dc links will become 
increasingly important as they complement 
existing ac networks. 

In covering such a broad range of subjects, 
a conscious effort has been made to establish 
cohesion so that the reader will see how they 
all fit together. Thus, we find that the terminol- 
ogy and equations for synchronous machines 
are similar to those relating to transmission 
lines. Transmission lines, in turn, bring up the 
question of reactive power. And reactive power 
is important in electronic converters. Thus, 
knowledge gained in one area is strengthened 


and broadened by using it in another. As a 
result, the learning of electrical power technol- 
ogy becomes a challenging, thought-provoking 
experience. 

The explanation of the subject matter is 
Straightforward and based on technical fact. 
Consequently, the reader who wishes to make 
an in-depth study of a particular topic will find 
that information given here agrees with know!- 
edge revealed by more detailed or more ad- 
vanced texts. 

In summary, the book employs a theoretical, 
practical, multidisciplinary approach to give a 
broad understanding of electrical power tech- 
nology. We hope it will stimulate renewed 
interest in this dynamic, exciting field. 

It has been my good fortune to benefit from 
the comments and suggestions made by 
Robert Abrams of Alabama Technical College, 
Robert Cox of Wentworth Institute of Technol- 
ogy, A. J. Davidson of New Hampshire 
Vocational-Technical College at Claremont, 
Joseph M. DeGuilmo of Stevens Institute of 
Technology, R. Craig Hubele of Purdue Uni- 
versity, James F. More of Ohio College of 
Applied Science-University of Cincinnati, 
James K. Shelton of Oklahoma State Univer- 
sity and, especially, by Perry R. McNeill of 
Oklahoma State University. Their recommen- 
dations regarding the organization of the sub- 
ject matter and their chapter-by-chapter 
analyses have been of inestimable help in 
making this book what it is. | wish to express 
my thanks for these very important contribu- 
tions. 

Finally, | want to thank my son, Karl, who 
made all the line drawings, and my wife, 
Rachel, for her encouragement and support. 


Theodore Wildi 
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UNITS 


Everything we see and feel and everything we buy 
and sell is measured and compared by means of 
units. Units enable us to measure the distance we 
walk, the land we own, the time of day, and the 
brightness of stars — and, in fact, every feature of 
the environment in which we live. 

Some of these units have become so familiar 
that we often take them for granted, seldom stop- 
ping to think how they started, or why they were 
given the sizes they have. 

Centuries ago, the foot was defined as the length 
of 36 barleycorns strung end to end, and the yard 
was the distance from the tip of King Edgar’s nose 
to the end of his outstretched hand. 

Since then, we have come a long way in defining 
Our units of measure more precisely. Most units 
are now based upon the physical laws of nature, 
which are both invariable and reproducible. Thus, 
the meter and yard are measured in terms of the 
wavelength of light, and time by the duration of 
atomic vibrations. This improvement in our stan- 
dards of measure went hand in hand with the ad- 
vances in technology, and the one could not have 
been achieved without the other. 


But if the basic standards of reference are rec- 
ognized by all countries of the world, the units of 
everyday measure are far from being universal. For 
example, in measuring length, some people use the 
inch and yard, while others use the millimeter and 
meter. Astronomers employ the parsec, physicists 
use the angstrom, and surveyors measure with the 
rod and chain. But these units of length can be 
compared with great accuracy because the stan- 
dard of length is based upon the wavelength of 
light. 

Such standards of reference make it possible to 
compare the units of measure in one country, or in 
one specialty, with the units of measure in any 
other. Standard units of length, mass and time are 
the anchors that tie together the different systems 
of units used in the world today. 


1-1 Systems of units 


Over the years, systems of units have been devised 
to meet the needs of commerce, industry, and 
science. A system of units may be described as one 
in which the units bear a direct numerical relation- 
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ship to each other, usually expressed as a whole 
number. Thus, in the English system of units the 
inch, foot, and yard are related to each other by 
the numbers 12, 3, and 36. And again, in the same 
system, the ounce, pound, and short ton are re- 
lated by the numbers 16, 2000, and 32 000. 

The same correlation exists in metric systems, 
except that the units are related to each other by 
multiples of ten. Thus, the centimeter, meter and 
kilometer are related by the numbers 100, 1000, 
and 100 OOO. It is therefore easier to convert me- 
ters into centimeters than to convert yards into 
feet, and this decimal approach is one of the ad- 
vantages of the metric system of units.” 

The English system of units is very old and its 
origins may be traced back to the time of the Egyp- 
tians. By comparison, the metric system isa relative 
newcomer, having been started only some 150 
years ago. As with every new system, it had to un- 
dergo important changes, during the course of 
which some units were added and others removed 
to meet the needs of the rapidly evolving electrical 
and mechanical technologies. 

This process of evolution has yielded five im- 
portant systems of units, some of which are gradu- 
ally declining in use, having served the purpose for 
which they were designed. All, except the English 
system, are metric. The five systems include: 

1. the English system; 

2. the CGS (esu) or centimeter-gram-second, 

electrostatic unit system: 

3. the CGS (emu) or centimeter-gram-second, 

electromagnetic unit system;, 

4. the MKS or meter-kilogram-second system; 

9. the SI or International System of Units. 


1-2 Metric systems 


The CGS (esu) system was devised by scientists of 
the 1800s to measure the phenomena associated 
with capacitors and static electricity. The same sci- 
entists devised the CGS (emu) system to measure 
magnetism and electric currents. For many years 
the two systems of units were used quite indepen- 


* The metric unit of length is spelled either meter or me- 


tre. In Canada, the official spelling is metre. 


dently of each other before it was suspected and 
then definitely established that they were related 
by — of all things — the speed of light. 

The MKS system was then created to unify the 
CGS (esu) and CGS (emu) systems while retaining 
the practical units of electricity (volt, ampere, and 
watt), which had gained favor in the electrical in- 
dustry. Although this was an important step, it did 
not quite solve the problem of coherence. Briefly, 
a system is said to be coherent when calculations 
involving one unit of A, one unit of B, one unit of 
C’, and so forth, yield one unit of X. 

To achieve coherence and to further simplify 
the system, the ampere (A) was subsequently added 
as a fourth base unit. This decision, taken in 1954, 
at the Tenth General Conference of Weights and 
Measures held at Sévres, France, produced what © 
was referred to as the MKSA system of units. 

In 1960, at the Eleventh General Conference of 
Weights and Measures, the system of units pro- 
posed in 1954 was officially entitled ‘‘Systéme_ In- 
ternational d’Unités’’ for which the universal ab- 
breviation is Sl. The SI, or International System of 
Units, is a coherent system. 


1-3 Getting used to SI 


The official introduction of the International Sys- 
tem of Units, and its adoption by most countries of 
the world, did not, however, eliminate the systems 
that were previously employed. Just like well-estab- 
lished habits, units become a part of ourselves, and 
we cannot readily let them go. In effect, it is not 
easy to switch overnight from yards to meters and 
from ounces to grams. Even scientists occasionally 
perform their everyday research in the CGS system 
of units, and convert to SI only when they publish 
their work. And this is quite natural, because long 
familiarity with a unit gives us an idea of its rela- 
tive size, and how it relates to the physical world. 
Nevertheless, the growing importance of SI (par- 
ticularly in the electrical and mechanical fields) 
makes it necessary to be familiar with the essentials 
of this measurement system. Consequently, one 


must be able to convert from one system to anoth- 


er in a simple unambiguous way. In this regard, the 
reader will discover that the conversion charts 
listed in the Appendix are particularly helpful. 


1-4 Features of SI 


The SI possesses a number of remarkable features 


shared by no other system of units. 

1. It is a decimal system. 

2. It employs many units commonly used in 
industry and commerce; for example, volt, 
ampere, kilogram, watt, etc. 

3. It is a coherent system that expresses with 
Startling simplicity some of the most basic 
relationships which occur in electricity, me- 
chanics and electromechanics. 

4. It can be used by the research scientist, the 
technician, the practicing engineer, and by 
the layman, thereby blending the theoretical 
and the practical world. 


TABLE 1A BASE UNITS 
Quantity Unit Symbol 
Length meter m 
Mass kilogram kg 
Time second S 
Electric current ampere A 
Temperature kelvin K 
Luminous Intensity candela cd 
Amount of substance mole mol 
SUPPLEMENTARY UNITS 
Piane angle radian ‘rad 
Solid angle steradian sr 
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Despite these advantages, SI is not the answer 
to everything. In specialized areas of atomic phys- 
ics and even in day-to-day work, other units may | 
be more convenient. Thus, we will continue to 
measure plane angles in degrees, even though the 
Sl unit is the radian. Furthermore, ‘‘day’’ and 
“hour’’ will still be used, despite the fact that the 
SI unit of time is the second. 


1-5 Base and derived units of the SI 


The foundation of the International System of 
Units rests upon seven base units and two supple- 
mentary units. They are listed in Table 1A. 

From these base units, we can derive other units 
to express quantities such as area, power, force, 
magnetic flux, and so on. There is really no limit 
to the number of units we can derive, but some 
occur so frequently that they have been given spe- 
cial names. Thus, instead of saying that the unit of 
pressure is the newton per square meter, we use 
the less cumbersome name, the pascal. Some of 
the derived units that have special names are listed 
in Table 1B. Definitions of the base and of the de- 
rived units are given in Secs. 1-6 and 1-7. 


1-6 Definitions of base units 


The following are official definitions of the SI base 
units. Although not required for an understanding 
of SI, they illustrate the extraordinary precision 
associated with this modern system of units. The 
text in italics is explanatory, and does not form 
part of the definition. 


The meter (m) is the length equal to 1 650 763.73 
wavelengths in vacuum of the radiation corre- 
sponding to the transition between the levels 2 pio 
and 5dz of the krypton-86 atom. 


The kilogram (kg) is the unit of mass; it is equal to 
the mass of the international prototype of the kilo- 
gram. 


The international prototype of the kilogram Is a 
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particular cylinder of platinum-iridium alloy that 
is preserved in a vault at Sévres, France, by the In- 
ternational Bureau of Weights and Measures. Du- 
plicates of the prototype exist in all important 
standards laboratories in the world. The platinum- 
iridium cylinder (90 percent platinum, 10 percent 
iridium) is about 4 cm high and 4 cm in diameter. 


The second (s) is the duration of 9 192 631 770 
periods of the radiation corresponding to the tran- 
sition between the two hyperfine levels of the 
ground state of the cesium-133 atom. 


A quartz oscillator, tuned to the resonant frequen- 
cy of cesium atoms, produces a highly accurate 
and stable frequency. 


TABLE 1B DERIVED UNITS WITH SPECIAL NAMES 


Quantity Unit Symbol 
Electric capacitance farad F 
Electric charge coulomb C 
Electric conductance siemens S 
Electric potential volt V 
Electric resistance ohm Q2 
Energy joule d 
Force newton N 
Frequency hertz Hz 
Illumination lux Ix 
Inductance henry H 
Luminous flux lumen Im 
Magnetic flux weber Wb 
Magnetic flux density tesla ci 
Power watt W 
Pressure pascal Pa 


The ampere (A) is that constant current which, if 
maintained in two straight parallel conductors of 
infinite length, of negligible circular cross section, 
and placed 1 meter apart in a vacuum, would pro- 
duce between these conductors a force equal to 
2 x 10°? newton per meter of length. 


The kelvin (K) unit of thermodynamic tempera- 
ture, is the fraction 1/273.16 of the thermody- 
namic temperature of the triple point of water. 


Pure water in an evacuated cell is cooled until ice 
begins to form. The resulting temperature where 
ice, water and water vapor co-exist is called the tri- 
ple point of water and is equal to 273.16 kelvin, by 
definition. The triple point is equal to 0.07 degree 
Celsius (°C). A temperature of O°C is therefore 
equal to 273.15 kelvins, exactly. 


The candela (cd) is the luminous intensity, in a 
given direction, of a source which emits mono- 
chromatic radiation of frequency 540 x 10!” hertz 
and whose radiant intensity in that direction is 
1/683 watt per steradian. 


The mole (mol) is the amount of substance of a 
system that contains as many elementary entities 
as there are atoms in 0.012 kilogram of carbon 12. 


Note: When the mole is used, the elementary enti- 
ties must be specified and may be atoms, mole- 
cules, ions, electrons, other particles or specified 
groups of such particles. 


1-7. Definitions of derived units 


Some of the more important derived units are de- 
fined as follows: 


The newton (N) is that force which gives to a mass 
of 1 kilogram an acceleration of 1 metre per sec- 
ond per second. (Hence 7 newton = 7 kilogram 
meter per second squared.) 


Although the newton is defined in terms of a mass 
and an acceleration, it also applies to stationary 


objects and to every application where a force is 
involved. 


The coulomb (C) is the quantity of electricity 
transported in 1 second by a current of 1 ampere. 
(Hence 1 coulomb = 1 ampere second.) 


The farad (F) is the capacitance of a capacitor be- 
tween the plates of which there appears a differ- 
ence of potential of 1 volt when it is charged by a 
quantity of electricity equal to 1 coulomb. (Hence 
1 farad = 1 coulomb per volt.) 


The henry (H) is the inductance of a closed circuit 
in which an electromotive force of 1 volt is pro- 
duced when the electric current in the circuit 
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varies uniformly at a rate of 1 ampere per second. 
(Hence 1 henry = 7 volt second per ampere.) 


The hertz (Hz) is the unit of frequency equal to 
one cycle per second. 


The joule (J) is the work done when the point of 
application of 1 newton is displaced a distance of 
1 meter in the direction of the force. (Hence 7 
joule = 71 newton meter.) 


The ohm (Q2) is the electric resistance between two 
points of a conductor when a constant difference 
of potential of 1 volt, applied between these two 
points, produces in this conductor a current of 1 
ampere, this conductor not being the source of 


TABLE 1C PREFIXES TO CREATE MULTIPLES AND SUBMULTIPLES OF SI UNITS 
Multiplier Exponent Form | Prefix SI Symbol 
1 000 000 000 000 000 000 io” exa E 
1 000 000 000 000 000 10° peta P 
1 000 000 000 000 10” tera T 
1 000 000 000 10° giga G 
1 000 000 10° mega M 
1 000 10° kilo k 
100 10? hecto h 
10 10! deca da 
0.1 10° deci d 
0.01 10? centi c 
0.001 10° milli m 
0.000 001 10° micro UL 
0.000 000 001 10° nano n 
0.000 000 000 001 118 Bi pico p 
0.000 000 000 000 001 10° femto f 
0.000 000 000 000 000 001 io atto a 
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any electromotive force. (Hence 1 ohm = 7 volt 
per ampere.) 


The pascal (Pa) is the unit of pressure or stress 
equal to one newton per square meter. 


The siemens (S) is the unit of electric conductance 
equal to one reciprocal ohm. 


The tesla (T) is the unit of magnetic flux density 
equal to one weber per square meter. 


The volt (V) is the difference of electric potential 
between two points of a conducting wire carrying 
a constant current of 1 ampere, when the power 
dissipated between these points is equal to 1 watt. 
(Hence 7 volt = 1 watt per ampere.) 


TABLE 1D COMMON UNITS IN MECHANICS 

Quantity SI Unit Symbol Note 
Angle radian rad 1 
Area square meter m? 2 
Energy (or work) joule * 

Force newton N 3 
Length meter 

Mass kilogram kg 

Power watt W 

Pressure pascal Pa 4 
Speed meter per second m/s 

Speed of rotation radian per second rad/s 5 
Torque newton-meter N-m 

Volume cubic meter m? 

Volume liter L 6 





1. Although the radian is the SI unit of angular measure, we use the degree almost exclusively 


in this book (1 rad & 57.3°). 


2. Most countries, including Canada (as well as many organizations in the United States), use 
the spelling ‘“metre’’ instead of “meter.” 


> Ww 


. The newton is a very small force, roughly equal to the force needed to press a door bell. 
. The pascal is a very small pressure equal to 1 N/m’. 


5. In this book, we use the revolution per minute (r/min) to designate rotational speed (1 rad/s 


= 9.55 r/min). 


6. This unit of volume is mainly used for liquids and gases. It is spelled “‘liter’’ or “‘litre.”” The 
official spelling in Canada is “‘litre.”’ 


The watt (W) is the power that gives rise to the 
production of energy at the rate of 1 joule per sec- 
ond. (Hence 71 watt = 7 joule per second.) 


The weber (Wb) is the magnetic flux that, linking a 
circuit of one turn, produces in it an electromotive 
force of 1 volt as it is reduced to zero at a uniform 
rate in 1 second. (Hence 7 weber = 7 volt second.) 


1-8 Multiples and submultiples of SI units 


Multiples and submultiples of SI units are gener- 
ated by adding appropriate prefixes to the units. 
Thus, prefixes such as kilo, mega, nano, centi, and 
so on multiply the value of the unit by factors 
listed in Table 1C. For example: 1 ki//oampere = 
1000 amperes, 1 nanosecond = 10° seconds, and 
1 megawatt = 10° watts. 
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1-9 Commonly used units 


Tables 1D, 1E and 1F list some of the more com- 
mon units encountered in mechanics, thermody- 
namics, electricity, and magnetism. They contain 
comments particularly. useful to the reader who is 
not yet familiar with the SI. 


1-10 Conversion charts and their use 


The relative size of a unit is the key factor that 
gives us a “‘feel’’ for a unit. Familiar units can be 
converted to units we know less well by using stan- 
dard conversion tables. But this is strictly an arith- 
metical process that often leaves us wondering if 
our calculations are correct. 

The conversion charts in the appendix eliminate 
this problem because they show the relative size of 





COMMON UNITS IN THERMODYNAMICS 








TABLE 1E © 

Quantity SI Unit Symbol Note 
Heat joule J 

Thermal power watt W 

Specific heat joule per kilogram-kelvin J/kg-K or J/kg-°C 1 
Temperature | kelvin K 2 
Temperature difference kelvin or degree Celsius Kor °C 1 
Thermal conductivity watt per meter-kelvin W/m-K or W/m-°C 1 





1. A temperature difference of 1 K is exactly equal to a temperature difference of 1°C. The °C 
is now a recognized SI unit and, in practical calculations, it is often used instead of the 


kelvin. 


2. Thermodynamic, or absolute, temperature is expressed in kelvins. On the other hand, the 
temperature of objects is usually expressed in °C. The absolute temperature T is related to 
the Celsius temperature t by the equation: T = t + 2793.15. 
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a unit by the position it occupies on the page. The 
largest unit is at the top, the smallest at the bot- 
tom, and intermediate units are ranked in between. 

The units are connected by straight lines, each 
of which bears an arrow and an associated conver- 
sion factor. The conversion factor is the ratio of 
the larger to the smaller of the units so connected, 
and hence its value is always greater than unity. 
The arrow always points toward the smaller of the 
two units. 


the mile, meter, yard, inch and millimeter — are 
listed in descending order of size and the lines 
joining them bear an arrow that always points 
toward the smaller unit. The numbers show the 
relative size of the connected units; the yard is 36 
times larger than the inch, the inch is 25.4 times 
larger than the millimeter, and so on. With this ar- 
rangement, we can convert from one unit to any 
other by a method we now explain. 

Suppose we wish to convert from yards to milli- 


In Fig. 1-1, for example, five units of length — meters. Starting from yard in Fig. 1-1, we have to 











TABLE 1F COMMON UNITS IN ELECTRICITY AND MAGNETISM 

Quantity SI Unit Symbol Note 
Capacitance | farad F 

Conductance siemens S 1 
Electric charge coulomb C 

Electric current ampere A 

Energy joule J 

Frequency hertz Hz 2 
Inductance henry H 

Potential difference volt V 

Power watt W 

Resistance ohm {2 

Resistivity ohm-meter Q2-m 

Magnetic field strength ampere per meter A/m 3 
Magnetic flux weber Wb 

Magnetic flux density tesla T 

Magnetomotive force ampere A 


. Formerly called ‘“mho.” 

. 1 Hz= 1 cycle per second. 

. 1 A/m=1 ampere turn per meter. 

. 1 T= 1 Wb/m?. 

. What was formerly called an ampere turn is now simply called ampere: 1 A = 1 ampere turn. 


oOrPWN = 


move downward and in the direction of the arrows 
for both lines (36 and 25.4) until we reach mi//i- 
meter. 


25.4 





millimeter ' mm 


Figure 1-1 Units of length. 


Conversely, if we wish to convert from millime- 
ters to yards, we start at mi//imeter and move up- 
ward against the direction of the arrows until we 
reach yard. To convert from one unit to another, 
we apply the following rules: 

1. /f, in going from one unit to another, we 

move in the direction of the arrow, we mul- 
tiply by the associated conversion factor. 


2. Conversely, if we move against the arrow, we 
divide. 


In moving from one unit to another, we can 
follow any path we please; the conversion result is 
always the same. 

The rectangles bearing SI units extend slightly 
towards the left, to distinguish them from other 
units. Each rectangle bears the symbol for the unit, 
as well as the name of the unit written out in full. 


Example 1-1: 
Convert 2.5 yards to millimeters. 


Solution: . 

Starting from yard and moving toward mi//imeter, 
we always move in the direction of the arrows. We 
must therefore mu/tip/y the numbers associated 
with each line: 

2.5 yd = 2.5 x 36 x 25.4 millimeters 

2286 mm. 
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Example 1-2: 
Convert 2000 meters into miles. 


Solution: 
Starting from meter and moving toward mi/e, we 
move once with, and once against the direction of 
the arrows. Consequently, we have: 
2000 meters = 2000 x 1.0936 + 1760 miles 
200 x 1.0936 
1760 
1.24 mi 


Example 1-3: 
Convert 777 calories to kilowatthours. 


Solution: 

Referring to the ENERGY chart, we now move 
past four arrows, three of which point opposite to 
the path we are following. Consequently: 
777 calories 

777 x 4.184 = 1000 + 1000 + 3.6 kW-h 

9.03 x 10% kW-h. 


ENERGY 


kilotonne TNT 


1.167 x 10° 







kilowatt hour kW-h 


3.6 


megajoule MJ 
British thermal unit Btu 


1.055 


kilojoule kJ 

















1 


1 





6.24 x 10!8 
electronvolt eV 


Figure 1-2 See Example 1-3. 
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QUESTIONS AND PROBLEMS 


1-1 Name the seven base units of the Interna- 
tional System of Units. 

1-2 Name five derived units of the SI. 

1-3. Give the symbols of the seven base units, 
with particular attention to capitalization. 

1-4 Why are some derived units given special 
names? 

1-5 What are the SI units of force, pressure, en- 
ergy, power and frequency? 

1-6 Give the appropriate prefix for the following 
multipliers: 100, 1000, 10°, 1/10, 1/100, 
1/1000, 10°, 10°?, 10”. 


Express the following SI units in symbol form: 


1-7. megawatt 1-21 millitesla 
1-8 terajoule 1-22 millimeter 
1-9 millipascal 1-23 revolution 
1-10 kilohertz 1-24 megohm 
1-11 gigajoule 1.25 megapascal 
1-12 milliampere 1.26 millisecond 
1-13 microweber 1.27 picofarad 
1-14 centimeter 1.28 kilovolt 
1-15 liter 1.29 megaampere 
1-16 milligram 1.30 kiloampere 
1-17 microsecond 1.31 kilometer 
1-18 millikelvin 1-32 nanometer 
1-19 milliradian 1-33 milliliter 


State the SI unit for the following quantities, and 
write the symbol: 


1-34 rate of flow 1-38 density 
1-35 frequency 1-39 power 

1-36 plane angle 1-40 temperature 
1-37 magnetic flux 1-41 mass 


Give the name of the SI units that correspond to 
the following units: 


1-42 Btu 
1-43 horsepower 
1-44 line of flux 


1-45 inch 
1-46 angstrom 
1-47 cycle per second 


1-48 gauss 1-56 mho 

1-49 linepersquareinch 1-57 pound force per 
1-50 °F square inch 
1-51 bar 1-58 revolution 
1-52 pound mass 1-59 degree 

1-53 pound force 1-60 oersted 

1-54 kilowatt-hour 1-61 ampere turn 


1-55 gallon per minute 


The following problems can be solved by using the 
conversion charts: 


1-62 10 square meters to square yards. 

1-63 250 MCM to square millimeters. 

1-64 1645 square millimeters to square inches. 

1-65 13 000 circular mils to square millimeters. 

1-66 640 acres to square kilometers. 

1-67 81 000 watts to Btu per second. 

1-68 33000 foot pounds force per minute to 
kilowatts. 

1-69 250 cubic feet to cubic meters. 

1-70 10 foot pound force to microjoules. 

1-71 10 pound force to kilogram force. 

1-72 60 000 lines per square inch to teslas. 

1-73 1.2 teslas to kilogauss. | 

1-74 50 ounces to kilograms. 

1-75 76 oersteds to amperes per meter. 

1-76 5 000 meters to miles. 

1-77 80 ampere hours to coulombs. 

1-78 25 pound force to newtons. 

1-79 25 pound mass to kilogram. 

1-80 3 tonnes to pounds mass. 

1-81 100 000 lines of force to webers. 

1-82 0.3 pounds per cubic inch to kilograms per 
cubic meter. | 

1-83 2 inches of mercury to millibars. 

1-84 200 pounds per square inch to pascals. 

1-85 70 pounds force per square inch to newtons 
per square meter. 

1-86 15 revolutions per minute to radians per sec- 
ond. 

1-87 A temperature of 120°C to kelvins. 

1-88 A temperature of 200°F to kelvins. 

1-89 A temperature difference of 120° Celsius to 
kelvins. 





FUNDAMENTALS 
OF ELECTRICITY 
AND MAGNETISM 


This chapter briefly reviews some of the funda- 
mentals of electricity and magnetism. There is no 
particular order or sequence in the subject matter, 
and no attempt has been made to cover all funda- 
mentals. Rather, we want to clarify the notation 
used throughout this book to designate voltages 
and currents. Some of the other topics treated 
here will also provide the reader with a sense of 
continuity for subjects covered in ensuing chapters. 


2-1. Conventional and electron current flow 


Consider the dry cell shown in Fig. 2-1, having one 
positive (+) and one negative (-) terminal. The dif- 
ference of potential between them (measured in 
volts) is due to an excess of electrons at the nega- 
tive terminal compared to the positive terminal. 

If we connect a wire across the terminals, the 
potential difference causes an electric current to 
flow in the circuit. This current is composed of a 
steady stream. of electrons that come out of the 
negative terminal, move along the wire, and 
reenter the cell by the positive terminal (Fig. 2-2). 

Before the electron theory of current flow was 


fully understood, scientists of the 17th century ar- 
bitrarily decided that current in a conductor flows 
from the positive (higher) terminal to the negative 
(lower) terminal (Fig. 2-3). This so-called conven- 
tional current flow is still used today, and is the 
accepted direction of current flow in electrical 
power technology. 


positive - 


F negative 
terminal (+) + = 


~ - terminal (-) 


+ 
ee 
ae 





electron current flow 
leas 


dry cell 


Figure 2-1 Dry cell. 





Figure 2-2. Electron flow. 
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In this book, we use the conventional current 
flow, but it is worth recalling that the actual elec- 
tron flow is opposite to the conventional current 
flow. 


conventional current flow 
—_—— 





Figure 2-3 Conventional current flow. 


2-2 Distinction between sources and loads 


It is sometimes very important to identify the 
sources and loads in an electric circuit. By defini- 
tion, a source delivers electrical power whereas a 
load absorbs it. Every circuit element that carries a 
Current can be classified as either a source or a 
load. To distinguish the one from the other, con- 
sider two boxes A and B containing unknown de- 
vices and components. The boxes are connected 
by two conductors, as shown in Fig. 2-4. Using 
appropriate instruments, suppose we can find the 
instantaneous polarity of the voltage and the /n- 
stantaneous direction of conventional current flow. 
How can we tell which box is the source and which 
box is the load? 


We can identify them by means of the fol- 
lowing rule: 
@ Whenever current flows out of a positive termi- 
nal, the circuit element is a source; 
@ Whenever current flows into a positive terminal, 
the circuit element is a load. 
According to this rule, box A is a source and 
box B is a load. 


2-3 Sign notation for voltages 


In arithmetic, we use the symbols (+) and (-) to 
describe addition and substraction. In electricity 
and mechanics, we broaden the meaning to indi- 
cate the direction of an electric current, mechanical 
force, rotational speed, etc., compared to an arbi- 
trary chosen direction. For example, if the speed 
of a motor changes from +1000r/min to 
- 400 r/min, it means that the direction of rotation 
has reversed. This interpretation of (+) and (-) is 
frequently met in the chapters that follow. 





Figure 2-5 Double subscript notation. 


We now describe a system of notation that en- 
ables us to indicate the polarity of voltages and the 
direction of currents. Figure 2-5 shows a source G 
having a positive terminal A and a negative terminal 
B. Terminal A is positive with respect to terminal 
B. Similarly, terminal B is negative with respect to 





Figure 2-4 Distinction between a source and a load. 


terminal A. Note that terminal A is not positive by 
itself: it is only positive with respect to B. 
The potential difference and the relative polar- 
ities of terminals A and B may be designated by 
the double-subscript notation, as follows: 
® Eng =+100V, which reads: the voltage be- 
tween A and B is 100 V and A is posi- 
tive with respect to B 

® Epa =-100V, which reads: the voltage be- 
tween A and B is 100 V and B is nega- 
tive with respect to A 

For example, if we know that the generator in 
Fig. 2-6 has a voltage £',, = - 300 V, we know that 
the voltage between the terminals is 300 V and 


that terminal 2 is negative with respect to terminal 
1. 





1 


Figure 2-6 If &,, = - 100 V terminal 2 is negative 
with respect to terminal 1. 


2-4 Graph of an alternating voltage 


In the chapters that follow, we encounter sources 
whose voltages change polarity periodically. Such 
alternating voltages may be represented by means 
of a graph (Fig. 2-7). The vertical axis indicates the 
voltage at each instant, while the horizontal axis 
indicates the corresponding time. Voltages are 
positive when they are above the horizontal axis 
and negative when they are below. Figure 2-7 
shows the voltage produced by the generator of 
Fig. 2-6. 

Starting from zero, £4; gradually increases to 
+ 100 volts and again falls to zero at the end of 
one second. During this one-second interval, termi- 
nal 2 is positive with respect to terminal 1, because 
E51 is positive (above the horizontal axis). 
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During the interval from 1 to 2 seconds, £7, is 
negative, therefore, terminal 2 is negative with re- 
spect to terminal 1. The actual voltages and polar- 
ities at 0.5, 1.5, and 2.17 seconds are clearly shown 
by insets I, II, Ill of Fig. 2-7. 


2 

+ 
| 2 
F 100 V > 
/ 
\ - 
\ . HI 

eee 


h 
| 







seconds 


100 [asssceecccccccscccsssnscceensessnsscneccnsnenses 


Figure 2-7 Graph of an alternating voltage 
having a peak of 100 V. 


2-5 Positive and negative currents 


We also make use of positive and negative signs to 
indicate the direction of current flow. The signs 
are allocated with respect to a reference direction 
given on the circuit diagram. For example, the cur- 


X 9 






Figure 2-8 Circuit element. 


rent in acircuit element such as a resistor (Fig. 2-8) 
may flow from X to Y or from Y to X. If one of 
these two directions is considered to be positive 
(+), the other is negative (-). 
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The positive direction is shown arbitrarily by 
means of an arrow (Fig. 2-9). Thus, if a current of 
2 A flows from X to Y, it flows in the positive di- 
rection and is designated by the symbol +2A. 
Conversely, if current flows from Y to X (direction 
opposite to that of the arrow), it is designated by 
the symbol -2 A. 





Figure 2-9 Circuit element showing positive 
direction of current flow. 


Example 2-1: 

The current in a resistor R varies according to the 
graph shown in Fig. 2-10. Interpret the meaning of 
this curve. 





Figure 2-10 Graph representing the value 
and direction of current flow. 


Solution: 

According to the graph, the current increases from 
zero to + 2 A during the interval from O to 1 sec- 
ond. Because it is positive, the current flows from 
B. to A in the resistor (direction of the arrow). 
During the interval from 1 to 2 seconds, the cur- 
rent decreases from + 2 A to zero, but it still circu- 


lates from B to A in the resistor. Between 2 and 3 
seconds, the current increases from zero to -2A 
and, because it is negative, it really flows in a di- 
rection opposite to that of the arrow, that is, from 
A to B in the resistor. 


2-6 Another notation for voltages 


Although we can represent the value and the polar- 
ity of voltages by the double-subscript notation 
(E12, Lab, etc.), we often prefer to use the sign no- 
tation. |It consists of designating the voltage by a 
symbol (£;, V, etc.) and identifying one of the 
terminals by a positive (+) sign. For example, Fig. 
2-11 shows a source £ in which one of the termi- 
nals is arb/trarily marked with a positive (+) sign. 





Figure 2-11 Sign notation. 


With this notation, the following rules apply: 

@ If we specify that £, = + 10V, this signifies 
that the real polarity of the terminals corre- 
sponds to that indicated in the diagram. Fur- 
thermore, the voltage across the terminals is 
10 V. 

@ Conversely, if /, = - 10 V, the real polarity of 
the terminals is the reverse of that shown on 
the diagram. The voltage across the terminals is 
10 V. 


Example 2-2: 

The circuit of Fig. 2-12 consists of three sources 
V1, Vz and V3, each having a terminal marked with 
a positive (+) sign. Determine the actual value and 
polarity of the voltage across each source, knowing 
that V;=-4V,V,=+10V and V3=-40 V. 


Solution: 
The true values and polarities are shown in Fig. 





Figure 2-12 Circuit of Example 1-2. . 


2-13. Directing our attention to terminal A, it 
seems impossible that it should be both positive 
(+) and negative (-). However, we must remember 
that point A is neither inherently positive or nega- 
tive. It only has a polarity with respect to points B 
and C respectively. In effect, point A is negative 
with respect to point B and positive with respect 
to point C. This is why A carries both a positive 
and a negative sign. 


2-7 Potential level 


We have just described two ways of representing 
voltages in a circuit. We now introduce a third 
method that is particularly useful in circuits deal- 
ing with power electronics. The method is based 
upon the concept of potential levels. 

To understand the operation of electronic cir- 





= reference 


-100 


Figure 2-14 Potential level method of — 
representing voltages. 





by 
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Figure 2-13 Solution of Example 2-2. 


cuits, it is useful to imagine that individual termi- 
nals have a potential level with respect to a refer- 
ence terminal. The reference terminal is any conve- 
nient point chosen in a circuit; it is assumed to 
have zero electric potential. The potential level of 
all other points is then measured with respect to 
this zero reference terminal. In graphs, the refer- 
ence level is shown as a horizontal line having a 
potential of O V. 

Consider, for example, the circuit of Fig. 2-14, 
composed of an 80 V battery connected in series 
with an ac source having a crest voltage of 100 V. 
Of the three possible terminals, let us choose ter- 
minal 1 as the reference point. The potential level 
of this terminal is therefore shown by a horizontal 
line 1 (Fig. 2-15). 

Consider now the potential level of terminal 2. 
The difference of potential between terminals 1 


100 V peak 
x 


Figure 2-15 Potential levels of terminals 1, 2 and 3. 
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= reference 


Figure 2-14 Potential level method of 
representing voltages. 


and 2 is always 80 V and terminal 2 is positive 
with respect to terminal 1. The level of this termi- 
nal is therefore indicated by a second horizontal 
line 2 placed 80 V above line 1. 

Now consider terminal 3. Voltage E between 
terminals 1 and 3 is alternating and we assume that 
its initial value is 100 V with terminal 3 negative 
with respect to terminal 1. Because £ is alternating, 
the potential of terminal 3 is first negative, then 
positive, with respect to terminal 1. The changing 


level is shown by curve 3. Thus, during the interval | 


from 0 to ¢,, the level of point 3 is below the level 
of point 1 which indicates that terminal 3 is nega- 
tive with respect to terminal 1. During the interval 
f, to ty, the polarity reverses so that the level of 3 
is now above line 1. Terminal 1 is now negative 
with respect to terminal 3, because line 1 is below 
curve 3. 

These simple explanations add nothing to what 
we already know. However, this potential-level 
method enables us to immediately determine the 
instantaneous voltages between any two terminals 
in a circuit, as well as their relative polarities. For 
example, during the interval from f, to f3; terminal 
3 is positive with respect to terminal 2, because 
curve 3 is above line 2. The voltage between these 
terminals reaches a maximum of 20 V during this 


100 V peak 





Figure 2-15 Potential levels of terminals 1, 2 and 3. 


interval. Then from £3 to tg, terminal 3 is negative 
with respect to terminal 2 and the voltage reaches 
a maximum value of 180 V at instant fs. 


We could have chosen another terminal as a ref- 
erence terminal. Thus, in Fig. 2-16, we chose ter- 
minal 3 and, as before, we represent the zero po- 
tential of this reference terminal by a horizontal 
line (Fig. 2-17). Knowing that £ is an alternating 
voltage and that terminal 1 is initially positive with 
respect to terminal 3 (Fig. 2-15), we can draw 
curve 1. 

To determine the level of terminal 2, we know 
that it is always 80 V positive with respect to ter- 
minal 1. Consequently, we draw curve 2, so that it 
is always 80 V above curve 1. By so doing, we au- 
tomatically establish the level of terminal 2 with 
respect to terminal 3. 

Figures 2-15 and 2-17 do not have the same ap- 
pearance; however, at every instant, the relative 
polarities and potential differences between termi- 
nals are identical. From an electrical point of view, 
the two figures are identical and we invite the 
reader to check the truth of this statement. 

In electronic circuits, we usually try to select a 
reference terminal so that it is easy to follow the 
voltages we are interested in. 


+180 





30 VV =. + lreference 


Figure 2-16 Changing the reference terminal. 


-100 


2-8 Faraday’s law of electromagnetic induction 


In 1831, while pursuing his experiments, Joseph 
Faraday made one of the most important discov- 
eries in electromagnetism. Now known as Faraday’s 
Law of electromagnetic induction, it revealed a 
fundamental relationship between the voltage and 
flux in a circuit. Faraday’s law states that: 

1. If the flux linking a loop (or turn) varies as a 
function of time, a voltage is induced be- 
tween its terminals. | 

2. The value of the induced voltage is propor- 
tional to the rate of change of flux. 

By definition, and according to the SI system 
of units, when the flux inside a loop varies at the 
rate of 1 weber per second, a voltage of 1 V is in- 
duced between its terminals. Consequently, if a 
flux varies inside a coil of V turns, the voltage in- 
duced is given by: 


(2-1) 





E = induced voltage [V] 
number of turns in the coil 


= 
H] 


+100 
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Figure 2-17 The relative potential levels 
are the same as in Fig. 1-15. 


A® = change of flux inside the coil [Wb] 
At = time interval during which the flux 
changes [s] | 
Faraday’s law of electromagnetic induction 
opens the door to a host of practical applications 
and establishes the basis of operation of transform- 
ers, generators and alternating current motors. 


Example 2-3: 

A coil of 2000 turns surrounds a flux of 5mWb 
produced by a permanent magnet (Fig. 2-18). The 
magnet is suddenly drawn away causing the flux 
inside the coil to drop to 2 mWb in 1/10 of a sec- 
ond. What is the average voltage induced? 


N = 2000 





At=1/10s 


Figure 2-18 Voltage induced by a moving magnet. 
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Solution: 
The flux change is: 
A® = (5 mWb - 2 mWb) = 3 mWb 
Because this change takes place in 1/10 of a sec- 
ond (Af), the average induced voltage is: 
A® 3 


EB = N—-— = 2000 x 


At 1000x 1/10 COV 


2-9 Voltage induced in a conductor 


In many motors and generators, the coils move 
with respect to a constant flux. The relative motion 
produces a change in the flux linking the coils and, 
consequently, a voltage is induced, according to 
Faraday’s law. However, in this special (although 
common) case, it is easier to calculate the induced 
voltage with reference to the conductors, rather 
than with reference to the coil itself. In effect, 
whenever a conductor ‘‘cuts’’ a magnetic field, 
voltage is induced across its terminals. The value of 
the induced voltage is given by: 


where 


E = induced voltage [V] 
B = flux density [T] 


1 = active length of the conductor in the mag- 
netic field [m] 
v = relative speed of the conductor [m/s] 
Example 2-4: 


The conductors of a large generator have a length 
of 2m and are cut by a field of 0.6 teslas, moving 
at a speed of 100 m/s (Fig. 2-19). Calculate the 
voltage induced in each conductor. 


Solution: 
According to Eq. 2-2, we find: 
E = Bly 
= 0,6x2x 100 = 120 V 


SOOO 





100 m/s 


cate tatete® 
eanetanecee 
SBSH 


Figure 2-19 Voltage induced in a stationary 
conductor. Example 2-4. 


2-10 Voltage induced in a rectangular conductor 


Following the discovery of Faraday’s law of elec- 
tromagnetic induction, scientists and technicians 
of the 19th century did not wait long to invent 
and build all kinds of mechanical machines to gen- 
erate electricity. The operating principle of these 
machines is always based upon the relative motion 
of a rectangular coil with respect to a magnetic 
field. 

Consider a permanent magnet NS revolving at 
constant speed inside a stationary iron ring (Fig. 
2-20). The ring (or stator) reduces the reluctance 
of the magnetic circuit; consequently, the flux 
density in the air gap is greater than if the ring 
were absent. A rectangular conductor ABCD is 
mounted inside the ring, but insulated from it 
(Fig. 2-21). 

As the magnet turns, it sweeps across conduc- 
tors AB and CD, inducing a voltage in them. The 
sum of the voltages appears across terminals AD. 
The terminal voltage Eap is maximum when the 
poles are in the position of Fig. 2-22 because the 
flux cuts both conductors. On the other hand, the 
voltage is zero when the poles are in the position 
of Fig. 2-23 because flux does not cut the conduc- 
tors at this moment. 

If we plot E'yp as a function of the angle of ro- 
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tation, we obtain the curve shown in Fig. 2-24. 
This is an alternating voltage having a peak value 


of 20 V. Machines that produce such voltages are 
called alternating current generators or a/ternators. 


magnetic ring F 





0 


Figure 2-20 Elementary alternator with revolving field. 
- 10 





- 20 


Figure 2-24 Voltage as a function of the angle of rotation. 


2-11 Curve of induced voltage 


B C 
A ) as a function of time 
y \ : 
\ al D , 
The magnet in our example revolves at uniform 
speed, therefore each angle of rotation corresponds 


to a specific interval of time. Because the magnet 

makes one turn per second, the angle of 360° in 

Figure 2-21 Rectangular conductor. | Fig. 2-24 corresponds to an interval of one second. 

Consequently, we can also represent the induced 
voltage as a function of time (Fig. 2-25). 








20 V 


Figure 2-22 Induced voltage is maximum. 








Figure 2-23 Induced voltage is Zero. Figure 2-25 Voltage as a function of time. 





20 FUNDAMENTALS 


2-12 Cycle and frequency 


A cycle is defined as the interval of time between 
two consecutive voltages having the same polarity 
and changing at the same rate. Thus, referring to 
Fig. 2-25, the alternating voltage completes one 
cycle in 1 second. Note that a cycle may start 
anywhere on the volt-time curve. 

The frequency of a periodic quantity designates 
the number of cycles it makes per second. Thus, if 
an ac voltage completes one cycle in 1/60th of a 
second, its frequency is 60 cycles per second. 

The SI unit of frequency is the hertz (Hz). It is 
equal to one cycle per second. A frequency of 
60 Hz corresponds therefore to a frequency of 60 
cycles per second. The frequency of industrial 
voltages is fixed; it is 60 Hz in North America and 
50 Hz in most other countries of the world. 


2-13 Alternator having a revolving coil 


Instead of using a revolving field, we can build an 
alternator in which the permanent magnet is fixed 
and the coil revolves (Fig. 2-26). As long as the rel- 
ative motion of the coil with respect to the magnet 





rotating conductor 


Figure 2-26 Elementary alternator with 


stationary field. 


is the same as before, the value, polarity and wave- 
shape of the induced voltage will be identical. 
However, we cannot make a direct connection be- 
tween a stationary load and a revolving coil. Con- 


sequently, we have to use two stationary brushes | 


stationary brush 


sliding on two revolving slip rings. The slip rings 
are connected to each end of the coil and are 
mounted on the shaft, but insulated from it (Fig. 
2-27). 

Although revolving-coil alternators are only 
built in small sizes (less than 10 kW), they help us 
understand the basic construction of direct current 
generators. 


2-14 Direct current generator 


If the brushes in Fig. 2-27 could be switched from 
one slip-ring to the other every time the polarity 
was about to change, we would obtain a voltage of 
constant polarity across the load. Brush X would 
always be positive and brush Y, negative. We can 
obtain this result by using a commutator (Fig. 
2-28). A commutator in its most simple form is 
composed of a slip-ring that is cut in half, each 
half insulated from the other, as well as from the 
shaft. One segment is connected to coil-end A and 
the other to coil-end B. The commutator revolves 
with the coil and the induced voltage between the 
segments is picked up by two stationary brushes X 
and Y. 


slip ring 


to extremity A 


to extremity D 
(Fig. 2.26) 





external load 


Figure 2-27 Slip rings and brushes are needed to connect 


the revolving conductor to an external load. 


The voltage between brushes X and Y pulsates 
but never changes polarity (Fig. 2-29). In effect, 
the alternating voltage in the coil is rectified by 
the commutator, which acts as a mechanical re- 
versing switch. 


to extremity A 
(Fig. 2.26) 


external 
load 


to extremity D 





stationary 
brush 


Figure 2-28 A commutator behaves like a mechanical 


reversing switch. 





Figure 2-30 Dynamo having a four-segment commutator. 


Owing to the constant polarity between the 
brushes, the current in the external load always 
flows in the same direction. The machine repre- 
sented in Fig. 2-28 is called a direct-current genera- 
tor, or dynamo. 


2-15 Improving the waveshape 


We can improve the pulsating dc voltage by using 
four coils and four segments, as shown in Fig. 2-30. 
The resulting waveshape is given in Fig. 2-31. The 
voltage still pulsates, but it never falls to zero; it is 
much closer to a perfect dc voltage. 

By increasing the number of coils and segments, 
we can obtain a dc voltage that is essentially con- 
stant. Modern dc generators produce voltages 
having a ripple of less than 5 percent. 
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Figure 2-29 Pulsating dc voltage. 


360 degrees 


Figure 2-31 Output voltage of the dynamo. 


2-16 Difference between an alternator 
and a dc generator 


The elementary alternators and dc generators stud- 
ied in the previous articles are essentially built the 
same way. In each case, a coil rotates between the 
poles of a magnet and an ac voltage is induced in 
the coil. The machines only differ in the way the 
coils are connected to the external circuit: alter- 
nators carry slip-rings while dc generators require a 
commutator (Fig. 2-32). We sometimes build small 
machines which carry both slip-rings and a com- 
mutator. Such machines can function simulta- 
neously as alternators and as dc generators. 

We study the construction and behavior of 
practical commercial alternators and dc generators 
in subsequent chapters. 
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(a) (b) (c) 


Figure 2-32 The same windings are used to make either an alternator or a dynamo. 


2-17 Magnetic circuit 


An electric circuit is composed of a group of inter- 


connected elements that carry an electric current. 
By analogy, a magnetic circuit is composed of a 
group of elements which carry a magnetic flux. 
Figure 2-33 shows a magnetic circuit composed of 
iron, nickel and air carrying a flux ®. The coil pos- 
sesses NV turns and carries a current /. It produces 
a magnetomotive force U given by: 


nickel 


iron 


GoououUoO oO OOO 
TO 0.0 0 U0 0 6 0 0 0 UO] 
OG 0 0.0.0 0 0.0.0 _0_O_O) 
OouUOoOuUoOUUO OOO 
AE AE Pe 


U = NI (2-3) 


where 
U = magnetomotive force of the coil [A] 
N = number of turns on the coil [1] 
I current in the coil [A] 


The SI unit of magnetomotive force is the am- 
pere [A]; it is equal to the magnetomotive force 
(mmf) created when a current of 1A flows ina 
coil of 1 turn.* 


A, 
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N turns 


Figure 2-33 Magnetic circuit composed of iron, nickel, and air. 


* 


Although the S!I unit of mmf is the ampere, we shall 
continue to use the former designation “‘ampere turn”’ 
whenever it leads to better understanding. 


The six components of the magnetic circuit 
have lengths /,, /2,... 76, and cross sections A ,, A2, 
_..Ag6, as shown in Figure 2-33. The mmf creates 
a magnetic flux (not shown) that passes in a closed 
loop through the iron, nickel and air. The flux 
density varies from point to point, depending on 
the cross-section of the flux path. 

The SI unit of flux is the weber [Wb]. 

The SI unit of flux density is the tesla [T]. It is 
equal to 1 Wb/m?. The flux density ranges from 
1.6 T, in the core of large transformers, to 0.4 T, 
in the air gap of small motors. 


2-18 Ampere’s circuital law 


The mmf developed by the coil produces a mag- 
netic difference of potential, equal to V/ ampere 
turns. This difference of potential acts upon the 
magnetic circuit, producing potential drops across 
each of the six component parts. Thus, there is a 
magnetic potential drop U, across component 1 
another potential drop U, across component 2, 
and so on until we come to a final potential drop 
Us across component 6. According to Ampere’s 
circuital law, the sum of these magnetic potential 
drops is equal to the mmf developed by the coil. 
Thus, we have: 


(2-4) 


U,+U,+U3+U,+Us;+Ug=U=NI 





We immediately recognize that this law is simi- 
lar to Kirchhoff’s law concerning voltage drops in 
a closed electric circuit. Indeed, we can draw the 
magnetic circuit as if it were an electrical circuit 
(Fig. 2-34). In this circuit, flux ® is similar to a 
current, magnetomotive force N/ is similar to the 
emf developed by a battery, and the resistances 
represent the so-called re/uctance of each compo- 
nent. 

We could, in fact, apply all the laws of electric 
circuits to solve magnetic circuits if the magnetic 
materials had aconstant reluctance. Unfortunately, 
the reluctance varies with flux density. Because of 
this nonlinearity, we cannot apply standard cir- 
cuit-solving techniques to magnetic circuits. 
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Figure 2-34 A magnetic circuit can be represented 


by an electric circuit. 


2-19 Changing the reluctance of a magnetic circuit 


The magnetic potential difference between the 
opposite faces a, b of the coil in Figure 2-33 is not 
NI, but rather (NIJ - U,), where U, is the potential 
drop in component 1 inside the coil. The reluc- 
tance of this component behaves like the internal 
resistance of a battery, causing its terminal voltage 
to be less than the generated emf. 

We can reduce the potential drop in component 
1 by using a material having a very high magnetic 
permeability. If this is done, the magnetic potential 
across the rest of the magnetic circuit will be 
almost exactly equal to N/. Finally, if we replace 
all the nickel and iron components by a material 
having infinite permeability, the entire mmf devel- 
oped by the coil appears across the air gap. Conse- 
quently, by using materials of high permeability, 
we can concentrate the coil mmf so that it acts 
across a very short distance. 


2-20 Magnetic field intensity H, flux density B 


Each component of a magnetic circuit is subjected 
to a magnetic field intensity H, given by: 
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H = U/l (2-5) 
where 


H = magnetic field intensity [A/m] 


U = difference of magnetic potential across 
the component [A] (or ampere turn) 
/ = length of the component [m] 


For example, the magnetic field intensity acting 
across component 1 in Figure 2-33 is U,/], and 
that across component 5 is Us/Is. 

As to the flux density, it is given by; 


B = O/A (2-6) 
where 


B = flux density [T] 
flux in the component [Wb] 
cross section of the component [m7] 

Thus, the flux density in component 3 is B = 
0/A 3. 

A specific relationship always exists between 
the flux density (B) and the magnetic field intensi- 
ty (1) of any magnetic material. This relationship 
is usually expressed graphically by the B-H curve 
of the material. 


pa 1 
No 


2-21 B-H curve of a vacuum 


In a vacuum, the flux density B is proportional to 
the magnetic field H, and is expressed by the equa- 


tion: 


B = flux density [T] 
H = magnetic field [A/m] 
magnetic constant [= 47 x 10°7] * 


c= 
oS 
| 


* 


The complete expression for My is 4% x 107 henry/ 
meter. 


In the SI, the magnetic constant is fixed, by 
definition. It has a numerical value of 47 x 10° or 
1/800 000 approximately. This enables us to write 
Eq. 2-7 in the approximate form: 


H = 800000 B (2-8) 


The B-Hf curve of a vacuum is a straight line which 
never saturates, no matter how great the flux den- 
sity may be (Fig. 2-35). The curve shows that a 
magnetic field of 800 A/m produces a flux density 
of 1 millitesla. 

Nonmagnetic materials such as copper, paper, 
rubber, air, and so forth, have B-H curves almost 
identical to that of a vacuum. 
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Figure 2-35 8-H curve of a vacuum and of 


nonmagnetic materials. 


2-22 B-H curve of a magnetic material 


The flux density in a magnetic material also de- 
pends upon the magnetic field intensity. Its value 


is given by: 
B = UohyH (2-9) 


where B, Uo and A have the same significance as 
before, and uy is the relative permeability of the 
material. 

Unfortunately, uy is not constant, but varies 
with the flux density in the material. Consequent- 


ly, the relationship between B and H is not linear, 
and this makes Eq. 2-9 rather impractical. We 
usually show the relationship by means of a B-H 
saturation curve. Thus, Fig. 2-36 shows typical sat- 
uration curves of three materials commonly used 
in electrical machines: silicon iron (1%), cast iron, 
and cast steel. The curves show that a magnetic 
field of 2000 A/m produces a flux density of 1.4 T 
and 0.5 T, in cast steel and cast iron, respectively. 


2-23 Determining the relative permeability 


The relative permeability U, of a material is the 
ratio of the flux density in the material to the flux 
density that would be produced in a vacuum, using 
the same magnetic field intensity H. 

Given the saturation curve of a magnetic mate- 
rial, it is easy to calculate the relative permeability 
using the approximate equation: 

teslas | 
2.0 
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My ~ 800 000 B/H (2-10) 
where 
B = flux density in the magnetic material [T] 
H = corresponding magnetic field strength 
[A/m] 
Example 2-5: 


Determine the permeability of silicon iron (1%) at 
a flux density of 1.4 T. 
Solution: 
Referring to the saturation curve (Fig. 2-36), we 
see that a flux density of 1.4 T requires a magnetic 
field intensity of 1000 A/m. Consequently: 

Ly = 800 000 B/H 

= 800 000 x 1.4/1000 = 1120 

At this flux density, the steel is 1120 times 

more permeablé than a vacuum (or air). 
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Figure 2-36 8B-H saturation curves of three magnetic materials. 
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2-24 Solution of simple magnetic circuits 


In practice, we usually have to solve two types of 
problems: | 
1. Calculate the mmf required to produce a 
given flux; 
2. Given the mmf, calculate the flux produced 
in a given magnetic circuit. 


Example 2-6: 

Magnetomotive force Ug required for an air gap: 
We want to produce a flux density of 0.7 T in an 
air gap having a length of 2 mm (Fig. 2-37). Calcu- 
late the mmf required. 


Figure 2-37 See Example 1-7. 





Solution: 
According to Eq. 2-8, we have: 

HT = 8000008 

= 800 000 x 0.7 = 560 kA/m 

Thus, to obtain a density of 0.7 T, we must 
produce a magnetic field of 560 kA/m. Because 
the air gap has a length of 2 mm, the mmf required 
IS: | 

Ug = Hl 
560 000 x 2/1000 = 1120A 


Example 2-7: 

Magnetomotive force Uj; required for an iron core: 
Consider a core made of silicon-iron (1%), whose 
dimensions are given in Figure 2-38. The average 


silicon iron (1%) 


Figure 2-38 
See Example 1-8. 





length of the magnetic path is 1.5 m. Calculate the 


mmf of the coil to produce a flux of 12 mWb in 
the core. 


Solution: 
The cross section of the core is: 4 = 10 x 12= 
120 cm? = 0.012 m?. 

B = /A =0,.012/0.012 =1T 

Referring to the saturation curve (Fig. 2-36), 
we see that a magnetic field intensity of 300 A/m 
is required to produce this flux density. The coil 
must therefore produce a mmf of 300 A for every 
meter of length of the magnetic circuit. Because 
the average length of the circuit is 1.5 m, the mmf 
of the coil must be: 

Uj; = 300 x 1.5 = 450A or 450 ampere turns. 


Example 2-8: 

Magnetomotive force required for a series circuit: 
Calculate the mmf required to produce the same 
flux in the core of Example 2-7 if the circuit has 
an air gap of 1.5 mm (Fig. 2-39). 





Figure 2-39 See Example 1-9. 


Solution: 

This is a series magnetic circuit because two paths 
of different reluctance (iron and air) carry the 
same flux (analogy with two resistors in series). 
The mmf of the coil is therefore equal to the sum 
of the mmf required (a) for the air gap, and (b) for 
the iron core. 


a. Ug for the air gap: The flux density in the gap 
is the same as in the core: 1 T. Using Eq. 2-8, 


we find that the mmf for the air gap is: 
Ug = HI = 800000 B! 
= 800 000 x 1T x 0.0015m = 1200A 
b. Uj for the iron core: The length of the magnetic 
path in the iron is essentially the same as before; 
consequently, Uj is again 450 A. The coil must 
therefore develop a mmf: 
Uc = 1200+ 450 = 1650A 


Example 2-8 shows. the great importance of air 
gaps in magnetic circuits. In effect, although the 
path is 1000 times longer through steel than 
through air, the air still requires more ampere 
turns. In rotating electrical machines, we try to 
keep the air gap between the rotor and stator as 
short as possible to keep the mmf of the poles to a 
minimum. By reducing the mmf, we can reduce 
the coil size, which enables us to reduce the di- 
mensions and cost of the machine. 


2-25 Lorentz force ona conductor. 


When a current-carrying conductor is correctly set 
in a magnetic field, it is subjected to a force which 
we call e/ectromagnetic force, or Lorentz force. 
This force is of crucial importance because it con- 
stitutes the basis of operation of motors, of gener- 
ator and of many electrical’ instruments. The mag- 
nitude of the force depends upon the orientation 
of the conductor with respect to the direction of 
the field. The force is greatest when the conductor 
is perpendicular to the field (Fig. 2-40) and zero 





j-.| s 


Force F 


Figure 2-40 Force on a conductor. 
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when it is parallel to it (Fig. 2-41). Between these 


two extremes, the force has intermediate values. 





Figure 2-41 


Force =O. 


The maximum force acting on a straight con- 
ductor is given by: 


F = BI (2-11) 
where 
F = force acting on the conductor [N] 
B = flux density of the field [T] 
1 = active length of the conductor [m] 
I = current in the conductor [A] 
Example 2-9: 


A conductor 3 m long carrying a current of 200 A 
is placed in a magnetic field whose density is 0.5 T. 
Calculate the force on the conductor if it is per- 
pendicular to the lines of force (Fig. 2-40). 


Solution: 
F = BI 
= 0.5x3-x 200 = 300N 


2-26 Direction of the force acting on a straight 
conductor 


We know that when a straight conductor carries a 
current, it is surrounded by a magnetic field. For a 
current flowing into the page of this book, the 
lines of force have the direction shown in Figure 
2-42. On the other hand, Figure 2-43 shows the 
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Figure 2-42 Magnetic field around a conductor. 





Figure 2-43 Magnetic field between two 


permanent magnets. 





Figure 2-44 Magnetic field due to magnet and conductor. 





Force 


Figure 2-45 Resulting magnetic field pushes 
the conductor downwards. 


uniform magnetic field created between the poles 
of a powerful permanent magnet. If we place the 
current-carrying conductor between the poles of 
the magnet, we obtain the superposed fields shown 
in Figure 2-44. 

The resulting magnetic field does not, of course, 
have the shape shown in the figure because lines of 
force never cross each other. What, then, is the 
shape of the resulting field? 

To answer the question, we observe that the 
lines of force created respectively by the conductor 
and by the permanent magnet act in the same di- 
rection above the conductor and in opposite direc- 
tions below it. It follows that the number of lines 
above the conductor must be greater than the 
number below. Furthermore, the number of lines 
produced by the permanent magnet must remain 
the same because the strength of the magnet is 
unchanged. The resulting magnetic field therefore 
has the shape given in Figure 2-45. 

Recalling that lines of flux act like stretched 
elastic bands, it is easy to visualize that a force acts 
upon the conductor, tending to push it downward. 


QUESTIONS AND PROBLEMS 
Practical level 


2-1 Three de sources G,, G5, G3 (Fig. 2-46) gen- 
erate voltages as follows: 

EBy2=-100V; E34=-40V; Es5,= +60 V. 
Show the actual polarity (+) (-) of the termi- 
nals in each case. 

2-2. In problem 2-1, if the three sources are con- 
nected in series, determine the voltage and 
polarity across the open terminals if the fol- 
lowing terminals are connected together: 

a. terminals 2-3 and 4-5; 
b. terminals 1-4 and 3-6; 
c. terminals 1-3 and 4-6. | 

2-3 Referring to Figure 2-47, show the voltage 
and the actual polarity of the generator ter- 
minals at instants 1, 2, 3, and 4. 


2-4 


2-5 


2-7 


2-8 
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Figure 2-47 See Problem 2-3. 


Explain the difference between a dynamo 
and an alternator. 

What is the purpose of a commutator? 

A conductor 2m long moves at a speed of 
60 km/h through a magnetic field having a 
flux density of 0.6 T. Calculate the induced 
voltage. 

An alternator develops a peak voltage of 
240 V at a frequency of 50 Hz. Calculate the 
new peak voltage and the frequency if: 

a. the turns per coil are doubled; 

b. the speed is reduced by half; 

c. the flux per pole is doubled. 

A conductor cuts a flux of 3 Wb in 0,1s. 
Calculate the induced voltage. 

A coil having 200 turns links a flux of 
3 mWb, produced by a permanent magnet. 
The magnet is moved, and the flux linking 
the coil falls to 1.2 mWb in 0.2 s. Calculate 


2-10 


2-12 


2-13 


the average voltage induced. 

What is the SI unit of: 

a. magnetic flux; 

b. magnetic flux density; 

Cc. magnetic field intensity; 

d. magnetomotive force. 

Referring to Figure 2-36, calculate the rela- 

tive permeability of cast iron at 0.2 T, 0.6 T 

and 0.7 T. 

We want to produce a flux density of 0.6 T 

in an air gap having a length of 8 mm. Calcu- 

late the mmf required. 

Conductor AB in Figure 2-19 carries a cur- 

rent of 800 A flowing from B to A. 

a. Calculate the force on the conductor. 

b. Calculate the force on the moving N pole. 

c. Does the force on the N pole act in the 
same direction as the direction of rota- 
tion? 








FUNDAMENTALS 
OF MECHANICS 


AND HEAT 


This introductory chapter gives certain fundamen- 
tals of mechanics and heat. These subjects are not 
immediately essential to an understanding of the 
chapters which follow, but they constitute a valu- 
able reference source, which the reader may wish 
to consult from time to time. Consequently, we 
recommend a quick reading, followed by closer 
study of each section, as the various related sub- 
jects are met in the ensuing chapters. 
3-1 Force 
The most familiar force we know is the force of 
gravity. For example, whenever we lift a stone, we 
exert a muscular effort to overcome the gravita- 
tional force that continually pulls it downwards. 
There are other kinds of forces such as the force 
exerted by a stretched spring or the forces created 
by exploding dynamite. All these forces are ex- 
pressed in terms of the newton (N), which is the SI 
unit of force. 

The magnitude of the force of gravity depends 
upon the mass of a body, and is given by the ap- 
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proximate equation: 


where 
F = force of gravity acting on the body (also 
called its weight) [N] 
m = mass of the body [kg] 
9.8 = constant that applies when objects are 
relatively close to the surface of the earth 
(within 30 km) 
3-2 Torque 


Torque is produced when a force exerts a twisting 
action on a body, tending to make it rotate. 
Torque is equal to the product of the force times 
the perpendicular distance between the axis of ro- 
tation and the point of application of the force. 
For example, suppose a string is wrapped around a 
pulley having a radius 7 (Fig. 3-1). If we pull on 
the string with a force /’, the pulley begins to ro- 
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tate. The torque exerted on the pulley is given by: 





T = Fr (3-2) 
where 
T = torque [N-m] 
F = force [N] 
r = radius [m] 
Figure 3-1 Torque 7 = FY. 
Example 3-1: 


A motor develops a starting torque of 150 N-m. If 


the pulley has a diameter of 1m, calculate the 
braking force needed to prevent the shaft from 
turning. 


Solution: 

The radius is 0.5 m; consequently, a braking force 
F = T/r = 150/0.5 = 300 N is required. If the radi- 
us were 2m, a braking force of 75 .N would be 
sufficient to prevent rotation. 


3-3. Mechanical work 
Mechanical work is done when a force F moves a 


distance d, in the direction of the force. The work 
is given by: 


W = Fad (3-3) 
where 
W = work [J] 
F = force [N] 
d = distance the force moves [m] 


Example 3-2: 
A mass of 50 kg is lifted to a height of 10 m (Fig. 
3-2). Calculate the work done. 





Work W =Fd. 


Figure 3-2 


Solution: 
The force of gravity acting on the 50 kg mass is: 
F = 98x50 = 490N Eq. 3-1 
The work done is: 
W= Fd = 490x 10 = 4900 J 


3-4 Power 


Power is the rate of doing work and is given by: 


where 


P = power [W] 
W = work done [J] 
t time taken to do the work [s] 


The SI unit of power is the watt (W). We often use 
the kilowatt (kW) which is equal to 1000 W. The 
power output of motors is sometimes expressed in 
horsepower (hp) which is an English unit equal to 
746 W. It corresponds to the average power output 
of a dray horse. | 


Example 3-3: 

An electric motor lifts a mass of 500 kg through a 
height of 30m in 12s (Fig. 3-3). Calculate the 
power developed by the motor, in kilowatts and in 
horsepower. 





Power P = W/t. 


Figure 3-3 


Solution: 
The tension in the cable ts: 


F = 98m = 9.8x 500 =4900N Eq. 3-1 
The work done is: 
W = 4900 x 30 = 147 000 J Eq. 3-3 


The power is: 
P = Wit 
= 147000/12 = 12 250W = 12.25 kW 
Expressed in horsepower: 
P = 12 250/746 = 16.4 hp 


3-5 Power of a motor 


The mechanical power output of a motor depends 
upon its rotational speed and the torque it devel- 
ops. It is given by: 


_ aT 
FP 955 (3-5) 
where 
P = mechanical power [W] 


T = torque [N-m] 

speed of rotation [r/min] 

= a constant to take care of units (exact 
value = 30/7) 
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We can measure the power output of a motor 
by means of a prony brake. It consists of a flat 
belt that rubs agains a pulley mounted on the mo- 
tor shaft. The ends of the belt are connected to 
two spring scales, and the belt pressure may be 
adjusted by tightening screw V (Fig. 3-4). We can 
increase or decrease the power output by adjusting 
the tension of the belt. The mechanical power de- 
veloped by the motor is entirely converted into 
heat by the belt rubbing against the pulley. 





Figure 3-4 


Prony brake. 


When the motor is disconnected, the spring 
scales register the same pull and the resulting 
torque is zero. However, when the motor turns 
clockwise (as it does in Fig. 3-4), pull P; exceeds 
pull P,. The resultant force acting on the circum- 
ference of the pulley is therefore (P, - Pz) newtons. 
If the pulley has a radius 7, the net torque T = 
(P; - Pz) r newton-meters. Knowing the speed of 
rotation, we can calculate the power, using the 
above equation. 


Example 3-4: 

During a prony brake test on an electric motor, 
the spring scales indicate 25 N and 5 N, respective- 
ly (Fig 3-4). Calculate the power output if the mo- 
tor turns at 1700 r/min and the radius of the pul- 
ley is 0.1 m. 


Solution: 


T = Fr Eq. 3-2 
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= (25-5)x0.1=2N-m 
P = nT/9.55 
1700 x 2/9.55 = 356 W 
The motor develops 356 W, or about 0.5 hp. 


Eq. 3-5 


3-6 Transformation of energy 


Energy may exist in one of the forms listed below: 

1. Mechanical energy (energy in a waterfall, a 

coiled spring or a moving car); 

2. Thermal energy (heat released by a stove, by 

friction, by the sun); 

3. Chemical energy (energy contained in dyna- 

mite, coal, or an electric storage battery); 

4. Electrical energy (energy produced by a 

generator, or manifested by lightning); 

5. Atomic energy (energy released when the 

nucleus of an atom is split). 

Although energy can be neither created nor 
destroyed, it can be converted from one form to 
another by means of appropriate devices or ma- 
chines. For example, the chemical energy con- 
tained in coal may be transformed into thermal 


energy by burning the coal in a furnace. The ther-. 


mal energy contained in steam can be transformed 
into mechanical energy by using a turbine. Finally, 
mechanical energy can be transformed into electri- 
cal energy by means of a generator. 

In the above examples, the furnace, turbine and 
generator are the machines that do the energy 
transformation. Unfortunately, whenever energy is 
transformed, the ouput is always less than the in- 
put because all machines have losses. These losses 
appear in the form of heat, causing the tempera- 
ture of the machine to rise. Thus, the electrical 
energy supplied to a motor is partly dissipated as 
heat in the windings. Furthermore, some of the 
mechanical energy is also lost, due to bearing fric- 
tion and air turbulence created by the fan. The 
mechanical losses are also transformed into heat. 
Consequently, the useful mechanical power output 
is less than the electrical input. 


3-7 Efficiency of a machine 


The efficiency of a machine is given by: 


(3-6) 





nN = efficiency [percent] 

Po = output power of the machine [W] 
P; = input power to the machine [W] 

The efficiency is particularly low when thermal 
energy is converted into mechanical energy. Thus, 
the efficiency of steam turbines ranges from 25 to 
40 percent, while that of internal combustion en- 
gines (automobile engines, diesel motors) lies be- 
tween 15 and 30 percent. To realize how low these 
efficiencies are, we must remember that a machine 
having an efficiency of 20 percent loses 80 percent 
of the energy it receives. 

Electric motors transform electrical energy into 
mechanical energy. Their efficiency ranges between 
75 and 98 percent, depending on the size of the 
machine. 


Example 3-5: 
A 150 kW electric motor has an efficiency of 92 
percent. Calculate the losses in the machine. 


Solution: 
The 150 kW rating always refers to the mechanical 
power output of the motor. 
The input power is: 
Pi = Po/n = 150/0.92 = 163 kW: 
The losses are: 
Pi-Po = 163-150 = 13 kW. 


The losses are quite moderate, but they would 
still be enough to continuously heat a large home 
in the middle of winter. 


3-8 Kinetic energy of linear motion 


A falling stone or a swiftly moving automobile 
possess what is called kinetic energy, or energy due 
to motion. Kinetic energy is a form of mechanical 
energy given by: 


E, = = mv (3-7) 


where 

E,= kinetic energy [J] 

m = mass of the body [kg] 

vy = speed of the body [m/s] 
Example 3-6: 
A bus having a mass of 6000 kg moves at a speed 
of 100 km/h. If it carries 40 passengers having a 
total mass of 2400 kg, calculate the total kinetic 
energy of the vehicle. What happens to this energy 
when the bus is braked to a stop? 


Solution: 
Total mass of the bus is: 
m = 6000 + 2400 = 8400 kg. 
_ 100 x 100 m 
vy = 100 km/h “3600s 
E,= %mv* = %x 8400 x 28.8 


= 3245928 J = 3.25 MJ. 

To stop the bus, the brakes are applied and the 
resulting frictional heat is entirely supplied by the 
decrease in kinetic energy. The bus will finally 
come to rest when all the kinetic energy (3.25 MJ) 
has been dissipated as heat. 


= 27.8 m/s. 


3-9 Kinetic energy of rotation, moment of inertia 


A revolving body also possesses kinetic energy. Its 
value depends upon the speed of rotation and 
upon the mass and shape of the body. The kinetic 
energy of of rotation is given by: 
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| Ek = 5.48 x 10° Jn? (3-8) 
where | —— 
ExK= kinetic energy [J] 
J = moment of inertia [kg-m7] 
n = rotational speed [r/min] 


5.48 x 10°>= constant to take care of units 
[exact value = 17/1800] 

The moment of inertia J (sometime simply 
called “‘inertia’’) depends upon the mass and shape 
of the body. Its value may be calculated for a 
number of simple shapes by using Eqs. 3-9 to 3-13 
given in Table 3A. If the body has a more complex 
shape, it can always be broken up into two or 
more of the simpler shapes given in the table. The 
individual J/’s of these simple shapes are then added 
to give the total J of the body. 

Inertia plays a very important part in rotating 
machines; consequently, it is worth our while to 
solve a few problems. 


Example 3-7: 

A solid 1400 kg steel flywheel has a diameter of 

1m and a thickness of 225 mm (Fig. 3-10). Calcu- 

late: 

a. its moment of inertia. 

b. the kinetic energy when the flywheel revolves 
at 1800 r/min. 


— K— 225 mm 
1400 kg 


( a 1800 r/m 


Figure 3-10 Flywheel in Example 3-7. 


Solution: 
a. referring to Table 3A, we find: 


2 
mr 
J= = 


5 Eq. 3-10 


FUNDAMENTALS 





TABLE 3A MOMENT OF INERTIA J AROUND AN AXIS OF ROTATION O 


Figure 3-5 Mass m revolving at a distance 7’ around axis 0. 


Sai 
r 
[e) 


mr (3-9) 





axis of 
6 rotation 


Figure 3-6 Solid disc of mass m and radius /. 


(3-10) 





Figure 3-7. Annular ring of mass m having a rectangular cross 


section. 














(3-11) 
Figure 3-8 Straight bar of mass m pivoted on its center. 
(3-12) 
— Figure 3-9 Rectangular bar of mass m revolving around axis 0. 
Ph 2 
_ m™ 2 2 
J = 3 Ri + Ro° + RyR2) (3-13) 








1400 x 0.57 
2 
b. The kinetic energy is: 
Ex= 5.48 x 10° Jn? Eq. 3-8 
= 5.48 x 10°? x 175 x 1800* = 3.1 MJ 
Note that this relatively small flywheel possesses 
as much kinetic energy as the loaded bus men- 
tioned in Example 3-6. 


= 175 kg-m? 


Example 3-8: 

A flywheel having the shape given in Fig. 3-11 is 
composed of an annular ring supported by a rect- 
angular hub. The ring and hub respectively have a 
mass of 80 kg and 20 kg. Calculate the moment of 
inertia of the flywheel. 





Figure 3-11. Flywheel in Example 3-8. 
Solution: 
For the annular ring: 
J, = m(R/°+R,’)/2 Eq. 3-11 
= 80 (0.47+0.37)/2 = 10 kg-m? 
For the hub: 
In = mb 12 Eq. 3-12 


= 20x (0.6)7/12 = 0.6 kg-m? 
The total moment of inertia of the flywheel is: 
J = J,+J_ = 10.6 kg-m? 


3-10 Torque, inertia and change in speed 


There is only one way to change the speed of a 
revolving body and that is to subject it to a torque 
for a given period of time. The rate of change of 
speed depends upon the inertia, as well as on the 
torque. A simple equation relates these factors: 
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where 
An = change in speed [r/min] 
T = torque [N-m] 
At = interval of time during which the torque 
is applied [s] 
J = moment of inertia [kg-m7] 
9.55 = factor taking account of units [exact 
value = 30/7] 


If the torque acts in the direction of rotation, 
the speed rises. Conversely, if it acts against the 
direction of rotation, the speed falls. The term An 
may therefore represent either an increase or a 
decrease in speed. 


Example 3-9: 

The flywheel of Fig. 3-11 turns at 60 r/min. We 
wish to increase its speed to 600 r/min by applying 
a torque of 20 N-m. For how long must the torque 
be applied? 


Solution: 
Speed change, An = (600-60) = 540 r/min 
Moment of inertia: J = 10.6 kg-m? 
An = 9.55 TAt/J Eq. 3-14 
540 = 9.55 x 20At/10.6 
therefore At = 30 seconds 
3-11 Speed of a motor/load system 


Consider a stationary load coupled to a motor by 
means of a shaft (Fig. 3-12). The load exerts a 
torque 7; and the motor develops an equal and 
opposite torque 7. The system is at a standstill, 
and will remain so, as long as Ty = 71. As a result 
of the opposing torques, the shaft twists and be- 
comes slightly deformed, but otherwise nothing 
happens. 


Suppose we want the load to turn clockwise at 
a speed n,. To do this, we increase the motor cur- 
rent so that 7)y exceeds 7) . The net torque on the 
system acts clockwise, and the speed increases pro- 
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gressively with time. However, as soon as the de- 
sired speed m, is reached, we reduce the motor cur- 
rent so that 7 is again exactly equal to 7'_. The 
net torque acting on the system is now zero and 
the speed n, will neither increase or decrease any 
more (Fig. 3-13). 


Load 





Figure 3-12 Shaft is stationary, Figure 3-13 


Tu = ve 


This brings us to a very important conclusion. 
The speed of a mechanical load remains constant 
when the torque 7}y developed by the motor is 
equal and opposite to the torque 71 exerted by 
the load. At first, this conciusion is rather difficult 
to accept, because we are inclined to believe that 
when Jy, = 7, the system should simply stop. 
But this is not so, as our reasoning (and reality) 
shows. We repeat: the speed of a motor remains 
constant when the motor torque is equal and 
opposite to the load torque. In effect, the motor/ 
load system is then in a state of dynamic equilib- 
rium. 

With the load now running at-speed n,, suppose 
we reduce 7 so that it is less than 7;. The net 
torque on the system now acts counterclockwise. 
Consequently, the speed decreases and will con- 
tinue to-decrease as long as 7) exceeds Jy. If the 
imbalance between 71 and Jy lasts long enough, 
the speed will eventually become zero and then 
reverse. If we control the motor torque so that 
Tm = T, at the moment the reverse speed reaches 
a value M2, the system will continue to run indefi- 


Load 





Shaft turns cw, 
Tu a ry. 


nitely at this new speed (Fig. 3-14). 

In conclusion, torques 74 and 7\_ can be /den- 
tical in Figs. 3-12, 3-13, and 3-14, and yet the 
speed may be zero, clockwise, or counterclockwise. 
The actual steady-state speed depends upon wheth- 
er Ty was greater or less than 7. for a certain pe- 


Load 





Shaft turns ccw, 
Tu = T. 


Figure 3-14 


riod of time before the actual steady-state condi- 
tion was reached. The reader should ponder a few 
moments over this statement. 


3-12 Power flow in a mechanically coupled system 


Referring again to Fig. 3-13, we see that motor 
torque 7} acts in the same direction as speed 7. 
This means that the motor delivers mechanical 
power to the shaft. Conversely, load torque 7) 
acts opposite to speed n,. Consequently, the load 
receives mechanica! power from the shaft. We can 
therefore state the following general rule: 

When the torque developed by a motor acts in 
the same direction as the speed, the motor delivers 
power to the load. For all other conditions, the 
motor receives power from the load. 

For example, referring to Fig. 3-14, the motor 
receives power from the load because 7 acts op- 
posite to 7. Although this is an unusual condition, 
it occurs for brief periods in electric trains and 
electric hoists. The behavior of the motor under 
these conditions will be examined in later chapters. 


3-13 Motor driving a load possessing inertia 


When a motor drives a mechanical load, the speed 
is usually constant. In this state of dynamic equi- 
librium, the torque 7)4 developed by the motor is 
exactly equal to the torque 71 imposed by the 
load. The inertia of the revolving parts does not 
come into play under these conditions. However, 
if the motor torque is raised so that it exceeds the 
load torque, the speed will increase, as we already 
know. Conversely, when the motor torque is less 
than that of the load, the speed drops. The in- 
crease or decrease in speed (Am) is still given by 
the Eq. 3-14, except that torque 7 is now replaced 
by the net torque (Ty - 71): 


An = 9.55 (Ty - T,) At/J (3-15) 


where 
An = change in speed [r/min] 
Ty = motor torque [N-m] 
T, = load torque [N-m] 
At = time interval during which Tj and 7. are 
unequal [s] 
J = moment of inertia of all revolving parts 
[kg-m?] 


Example 3-10: 

A large reel of paper installed at the end of a paper 

machine has a diameter of 1.8 m, a length of 5.6 m 

and a moment of inertia of 4500 kg-m7?. It is driven 

by a directly coupled variable-speed dc motor 

turning at 120 r/min. The paper is kept at a con- 

stant tension of 6000 N. 

a. Calculate the power of the motor when the reel 
turns at a constant speed of 120 r/min, 

b. If the speed has to be raised from 120 r/min to 
160 r/min in 5 seconds, calculate the torque 


that the motor must develop during this inter- 


val, 

c. Calculate the power of the motor just before it 
attains 160 r/min, | 

d. Calculate the power of the motor after it has 
reached the desired speed of 160 r/min. 
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Solution: 
a. 1 The torque exerted on the reel: 
T = Fr = 6000 x = 5400 N-m 


a. 2 The power developed by the reel motor: 
nT 120 x 5400 
T = 9.55 = 955 Eq. 3-5 
67.85 kW (equivalent to 91 hp) 
b. 1 The load torque (5400 N-m) stays constant 
because the tension in the paper remains un- 
changed as the speed increases from 
120 r/min to 160 r/min. Let the required 
motor torque be 7}. It must be greater than 
the load torque in order that the speed may 
increase. 
b. 2 We have: 
An = 160-120 = 40r/min 
J = 4500 kg-m? 


At = 5s 
b. 3 9.55 (Ty - 71) At 
An = ee ge ae 
40 = 9.55 (Ty - 5400) 5 
4500 
Tw - 5400 = 3770 
Tw = 9170 


The motor must develop a torque of 
9170 N-m during the acceleration period. 
nT _ 160x 9170 


955. 9.55 
= 153.6 kW (equivalent to 206 hp) 
C. As soon as the desired speed (160 r/min) is 


reached, the motor only has to develop a 
torque equal to the load torque (5400 N-m). 
The power of the motor is therefore reduced 
to: 
oe nT _ 160 x 5400 
9.55 9.55 


90.5 kW (equivalent to 121 hp) 


3-14 Electric motors driving linear motion loads 


Rotating loads such as fans, pumps, machine tools, 
and so forth are well adapted for direct connection 
to electric motors because they also rotate. On the 
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other hand, loads that move in a straight line, such 
as hoists, trains, wire-drawing machines, etc., must 
be equipped with a “motion converter’ before 
they can be connected to a rotating machine. The 
motion converter may be a rope-pulley arrange- 
ment, a rack and pinion mechanism, or simply a 
wheel moving over a track. These converters are so 
utterly simple that we seldom think of the impor- 
tant part they play. 





motion 
converter 





Figure 3-15 Converting rotary motion 


into linear motion. 


Consider an electric jack driven by a motor that 
rotates at a speed n and exerts a torque T (Fig. 
3-15). The jack is equipped with a motion con- 
verter that changes the rotary input into a linear 
output. The vertical ram exerts a powerful force F 
while moving at a linear speed v. The power sup- 
plied to the load is given by: 


Po = Fy 
The power input to the converter is given by: 


— aT 


i Gee Eq. 3-5 


Assuming no losses in the motion converter, we 
have: 


Consequently: (3-16) 
where 

n = rotational speed [r/min] 

T = torque [N-m] 

F = force [N] 

vy = linear speed [m/s] 
9.55 = aconstant [exact value = 30/7] 


Example 3-11: 

A force of 25 kN is needed to pull a train at a 
speed of 90 km/h. The electric motor on board the 
locomotive turns at 1200 r/min. Calculate the load 
torque at the motor shaft. 





Solution: 
nT = 9.55 Fv 
90 000 
1200 7 = 9.55 x 25 000 x 3600 


T = 4974N-m = 5kKN-m 
3-15 Heat and temperature 


When we apply heat to a body, we supply it with 
thermal energy. Heat is therefore a form of energy, 
and the SI unit is the joule. 

What happens when a body receives this type of 
energy? First, its temperature increases, a fact we 
can verify by touching it with the hand or by ob- 
serving the reading of a thermometer. Second, the 
atoms of the body vibrate more intensely. 

For a given amount of heat, the increase in tem- 
perature depends upon the mass of the body and 
the material of which it is made. For example, if 
we add 100 kJ of heat to 1 kg of water, the tem- 
perature rises by 24°C. The same amount of heat 
supplied to 1 kg of copper raises /ts temperature 
by 263°C. It is therefore obvious that heat and 
temperature are two quite different things. 

If we remove heat from a body, its tempera- 
ture drops. However, there is a lower limit to 
which the temperature can fall. This lower limit is 
called absolute zero. It corresponds to a tempera- 
ture of O kelvin or - 273.15 C. At absolute zero, 


all atomic vibrations cease and the only motion 
which subsists is that of the moving electrons. 


3-16 Temperature scales 


The kelvin and the degree Celsius are the SI units 
of temperature. Figure 3-16 shows the relationship 
between the Kelvin, Celsius and Fahrenheit tem- 
perature scales. 
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m = mass of the body [kg] 
C = specific heat capacity of the material 
making up the body [J/(kg- C)] 
At = change in temperature [°C] 
The specific heat capacity of several materials is 
given in Table 5B, Sec. 5-8. 


Example 3-12: 
Calculate the heat required to raise the tempera- 





iron melts 7 1806 as 1533 7 2791 
450 K 450°C 810 °F 
copper melts Aeaae 1083 1981 
aluminum melts 933 660 1220 
lead melts 600 327 621 
water boils 373 100 212 
water freezes 273 0 32 
0 -273.15 -459.67 
Kelvin scale Celsius scale Fahrenheit scale Figure 3-17 Electric water heater. 


Figure 3-16 Temperature scales. 


3-17 Heat required to raise 
the temperature of a body 


We saw that the temperature rise of a body de- 
pends both upon the heat it receives and the nature 
of the material. The relationship between these 
quantities is given by the equation: 


where 


Q = quantity of heat added to (or removed 
from) a body [J] 


ture of 200 L of water from 10°C to 70°C, as- 
suming the tank is perfectly insulated (Fig. 3-17). 
The specific heat of water is 4180 J/kg. C. 


Solution: 
Because 1 L of water has a mass of 1 kg, the heat 
required Is: 
O = mcAt 
= 200 x 4180 x (70 - 10) 
= 50.2 MJ 


Referring to the conversion table for Energy 
(see Appendix), we find that 50.2 MJ is equal to 
13.9 kW-h. 
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3-18 Transmission of heat 


Many problems in electric power technology are 
related to the adequate cooling of devices and 
machines. This, in turn, requires a knowledge of 
the mechanism by which heat is transferred from 
one body to another. In the sections that follow, 
we briefly review the elementary physics of heat 
transmission. We also include some simple but 
useful equations, enabling us to determine, with 
reasonable accuracy, the heat loss, temperature 
rise, etc., of electrical equipment. 

Heat is transmitted from one body to another 
in three different ways: (1) conduction, (2) con- 
vection, and (3) radiation. We now examine these 
modes of heat transfer. 


convection convection 








warm air warm air 
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4 
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cool air cool air 
Figure 3-18 Heat transmission by convection, 


conduction and radiation. 


3-19 Heat transfer by conduction 


If we bring a hot flame near one end of an iron 
bar, its temperature rises owing to the increased 
vibration of its atoms (Fig. 3-18). This atomic vi- 
bration is transmitted from one atom to the next, 
to the other end of the bar. Consequently, the end 
opposite the flame also warms up, an observation 
we have all made at one time or another. In effect, 
heat is transferred along the bar by a process 
known as conduction. 


The rate of heat transfer depends upon the 
thermal conductivity of the material. Thus, copper 
is a better thermal conductor than steel is, and in- 
sulators are especially poor conductors of heat. 

The SI unit of thermal conductivity is the watt 
per meter degree Celsius [W/(m-C)]. The thermal 
conductivity of several common materials is given 


in Table 4B, Sec. 4-11 and Table 5B, Sec. 5-8. 





> dk 


Figure 3-19 Heat transmission by conduction. 


Referring to Fig. 3-19, we can calculate the rate 
of heat flow through a body by using the equation: 


(3-18) 





P = power (heat) transmitted [W] 
A = thermal conductivity of the body 
[W/(m-°C)] 
A = surface area of the body [m7] 
(t;-t2) = difference of temperature between 
opposite faces [°C] 
d = thickness of the body [m] 


Example 3-13: 

The temperature difference between two sides of a 
sheet of mica is 50°C (Fig. 3-20). Calculate the 
heat flowing through the sheet, in watts. 


Solution: 
According to Table 4B, the thermal conductivity 
of mica is 0.36 W/(m-°C). The heat transmitted is 
therefore: 


0.02 m2 fe 





Mica sheet, Example 2-13. 


Figure 3-20 
— A(t - ty) 
- d 
_ 0.36 x 0.02 (120 - 70) _ 
0.003 Mee 


3-20 Heat transfer by convection 


In Fig. 3-18, the air in contact with the hot steel 
bar warms up and, becoming lighter, rises like 
smoke in achimney. As the hot air moves upwards, 
it is replaced by cooler air which, in turn, also 
warms up. A continual current of air is therefore 
set up around the bar, removing its heat by a proc- 
ess called natural convection. 





Figure 3-21 Convection currents in oil. 


The convection process can be accelerated by 
employing a fan to create a rapid circulation of 
fresh air. Heat transfer by forced convection is 
used in most electric motors to obtain efficient 
cooling. 

Natural convection also takes place when a hot 
body is immersed in a liquid, such as oil. The oil in 
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contact with the body heats up, creating convec- 
tion currents which follow the path shown in Fig. 
3-21. When the warm oil comes in contact with 
the cooler tank, it chills, becomes heavier, slides to 
the bottom, and moves upward again to replace 
the warmer oil now moving away. The heat dissi- 
pated by the body is therefore carried away by 
convection to the external tank. The tank, in turn, 
loses /ts heat by natural convection to the sur- 
rounding air. 


3-21 Calculating losses by convection 


The heat a body loses by natural convection in air 
is given by the following approximate equation: 


P = 3A i-%) 


P = heat transferred by natural convection 
[W] 
A = surface of the body [m] 
surface temperature of the body [°C] 
t. = ambient temperature of the surrounding 
air [°C] 
In the case of forced convection, the heat car- 
ried away is given by: 


P = 1280 Va (tz - f3) 


P = heat transferred by forced convection [W] 

Va= volume of cooling air [m°/s] 

t,; = temperature of the incoming air [°C] 

t, = temperature of the outgoing air [°C] 

Equation 3-20 also applies if hydrogen cooling 
is used. 


(3-19) 





~~ 
—" 
| 


(3-20) 





Example 3-14: 

A totally enclosed motor has an external surface 
area of 1.2m’. When it operates at full load, the 
surface temperature rises to 60°C in an ambient of 
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20°C (Fig. 3-22). Calculate the heat loss by natural 
convection. 


362 W 
' 1 $4554 convection 


radiation 
296 W 





Figure 3-22 Convection and radiation losses 


in a totally enclosed motor. 


Solution: 
P= 34 1,26)"" 
= 3x 1.2 (60 -20)'*> = 362W 


Example 3-15: 

A fan rated at 3.75 kW blows 240 m°*/min of air 
through a 750 kW motor to carry away the heat. 
If the inlet temperature Is 22°C and the outlet 
temperature Is 31°C, calculate the losses in the 
motor. 


Solution: 
P = 1280 Vg (t2 - £4) 


= 1280 x = (31-22) = 46.1 kW 


3-22 Heat transfer by radiation 


We have all basked in the heat produced by the 
sun’s rays. This radiant heat energy possesses the 
same properties as light, and it readily passes 
through the empty space between the sun and the 
earth. Solar energy is only converted to heat when 
the sun’s rays meet a solid body, such as the physi- 
cal objects and living things on the surface of the 
earth. Scientists have discovered that all bodies 
radiate heat, even those that are very cold. The 
amount of energy given off depends upon the 
temperature of the body. 


On the other hand, all bodies absorb radiant 
energy from the objects which surround them. The 
energy absorbed depends upon the temperature of 
the surrounding objects. There is, consequently, a 
continual exchange of radiant energy between ma- 
terial bodies, as if each were a miniature sun. Equi- 
librium sets in when the temperature of a body is 
the same as that of its surroundings. The body 
then radiates as much energy as it receives and the 
net radiation is zero. On the other hand, if the 
body is hotter than its environment, it will contin- 
ually lose heat by radiation, even if it is located in 
a vacuum. 


3-23 Calculating radiation losses 


The heat a body loses by radiation is given by the 


equation: 
P = kA (T,*-T>") 


P = heat radiated [W] 

A = surface area of the body [m7] 

T, = absolute temperature of the body [K] 

T,= absolute temperature of the surrounding 
objects [K] 

kK = a constant, which depends upon the na- 
ture of the body surface 

Table 3B gives the values of k for surfaces com- 

monly encountered in electrical equipment. 


(3-21) 


Example 3-16: 

The motor in Example 3-14 is coated with a non 
metallic enamel. Calculate the heat lost by radia- 
tion, knowing that all surrounding objects are at 
ambient temperature (20°C). 


Solution: 
T,= surface temperature = 60°C 
or (273.15 + 60) = 333 K 
T,= surrounding temperature = 20°C 
or (273.15 + 20) = 293 K 


TABLE 3B RADIATION CONSTANTS 

Type of surface a 
polished silver 0.2x 108 
bright copper 1x 10° 
oxidized copper 3x 108 
aluminum point 3x 10° 
oxidized nichrome 2810" 
tungsten 2x 10° 
oxidized iron 4x 10° 
insulating materials 5x 10° 
paint or non metallic enamel 5x 10° 
perfect emitter (blackbody) 5.669 x 10° 


From Table 3B, k = 5 x 10° W/(m?-K*) 


P = 


3-1 


3-2 


KAT? =T>)} 
5x 10°x 1.2 (3337 - 2937) 
296 W (see Fig. 3-22) 


Eq. 3-21 


QUESTIONS AND PROBLEMS 


A cement block has a mass of 40 kg. What is 
the force of gravity acting on it? What force 
is needed to lift it? 

How much energy is needed to lift a sack of 
flour weighing 75 kg to a height of 4 m? 
Give the SI unit and the corresponding Sl 
symbol for the following quantities: 


force work 
pressure area 
mass temperature 


thermal power 
mechanical power 
electrical power 


thermal energy 
mechanical energy 
electrical energy 


3-4 


3-6 


3-7 


3-9 


3-12 
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In tightening a bolt, a mechanic exerts a 

force of 200 N at the end of a wrench having 

a length of 0.3m. Calculate the torque he 

exerts. 

An automobile engine develops a torque of 

600 N-m at a speed of 4000 r/min. Calculate 

the power output in watts and in horse- 

power. 

A crane lifts a mass of 600 Ib to a height of 

200 ft in 15s. Calculate the power in watts 

and in horsepower. 

An electric motor draws 120 kW from the 

line and has losses equal to 20 kW. Calculate: 

a. the power output of the motor [kW] and 
[hp] ; 

b. the efficiency of the motor; 

c. the amount of heat released [Btu/h] . 

A large flywheel has a moment of inertia of 

500 lb-ft”. Calculate its kinetic energy when 

it rotates at 60 r/min. 

The rotor of an induction motor has a mo- 


ment of inertia of 5 kg-m’. Calculate the 


energy needed to bring the speed: 

a. from zero to 200 r/min; 

b. from 200 r/min to 400 r/min; 

c. from 3000 r/min to 400 r/min. 

Name the three ways whereby heat is carried 

from one body to another. 

A motor develops a cw torque of 60 N-m 

and the load develops a ccw torque of 

5O N-m. 

a. If this situation persists for some time, 
will the direction of rotation be cw or 
ccw? 

b. Does the speed increase with time? 

c. What value of motor torque is needed to 
keep the speed constant? 

A motor drives a load at a cw speed of 

1000 r/min. The motor develops a cw torque 

of 12 N-m, and the load exerts a ccw torque 

of 15 N-m. 

a. Will the speed increase or decrease? 

b. If this situation persists for some time, in 
what direction will the shaft eventually 
rotate? | 
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3-13 Referring to Fig. 3-12, if Z)y = 40 N-m, what 
is the power delivered by the motor? 

3-14 Referring to Fig. 3-13, if TZ), = 40 N-m and 
n, = 50 r/min, calculate the power delivered 
by the motor. 

3-15 Referring to Fig. 3-14, if Ty = 40 N-m and 
Ny = 50 r/min, calculate the power received 
by the motor. 


Intermediate level 


3-16 During a prony brake test on a motor (see 

Fig. 3-4), the following scale and speed read- 
ings were noted: 
P,=5\|bf, Py=28\lbf, m= 1160r/min. 
if the diameter of the pulley is 12 inches, 
calculate the power output of the motor in 
kilowatts and horsepower. 

3-17. A motor drives a flywheel having a moment 
of inertia of 5kg-m*. The speed increases 
from 1600 r/min to 1800 r/min in 8s. Cal- 


cutate: 

a. the torque developed by the motor 
[N-m]; 

b. the energy in the flywheel at 1800 r/min 
[kJ] ; 


c. the motor power at 1600 r/min; 

d. the power input to the flywheel at 
1750 r/min. 

3-18 A de motor drives a large grinder at a con- 
stant speed of 700 r/min and a power output 
of 120 hp. The moment of inertia of the 
revolving parts is equal to 2500 Ib-ft?. 

a. Calculate the torque developed by the 
motor; 

b. Calculate the motor torque needed so 
that the speed will increase to 750 r/min 
in 5s. 

3-19 The electric motor in a trolleybus develops a 


power output of 80 hp at 1200 r/min as the 

bus moves up an incline at a speed of 30 

miles per hour. Assuming that the gear losses 

are negligible, calculate: 

a. the torque developed by the motor 
[N-m] ; 

b. the braking force acting on the bus [N]. 





Figure 3-23 Electric hoist. 


3-20 Calculate the amount of heat required to 
heat a 100 kg mass of copper from 20°C to 
100°C. 

3-21 Repeat Problem 3-20 for 100 kg of alumi- 
num. 

3-22 The motor in Fig. 3-23 drives a hoist, raising 
a mass m of 800 kg at a uniform rate of 
5 m/s. The winch has a radius of 20 cm. Cal- 
culate the torque [N-m] and speed [r/min] 
of the motor. 

3-23 If the hoisting rate is reduced to 1 m/s, cal- 
culate the new speed [r/min] and torque 
[ft-Ibf] of the motor. 

















INSULATING 
MATERIALS 


The design and operation of electrical equipment 
to a large extent depends on the conducting and 
insulating materials that are available and used in 
construction. Both play a crucial, practical role. In 
this chapter, we only examine the properties of 
insulating materials, also known as d/e/ectrics. 
4-1 Types of insulators 
Insulating materials may be classified into two 
main groups: organic insulators and /norganic insu- 
lators. In general, organic insulators such as rubber, 
paper, oil, cotton, thermoplastic materials, and so 
forth are composed of long molecular chains of 
carbon and hydrogen sometimes linked with other 
elements (oxygen, chlorine, etc.). Organic insula- 
tors deteriorate rapidly when the temperature 
exceeds about 150°C. On the other hand, inorgan- 
ic insulators, such as mica, porcelain, air, etc., can 
function indefinitely in temperatures exceeding 
1000°C. 

Over the years, the number of available insula- 
tors has multiplied greatly, so that it is difficult to 
draw up a complete list. This diversity is due to 
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the development of synthetic organic insulators 
(or plastics) invented and developed by chemists. 
Possessing thermal, electrical and mechanical prop- 


erties far superior to natural insulators, these syn- 


thetic materials have greatly improved the design 
and manufacture of wires, cables, and electrical 
machines. 

The variety of insulators sometimes appears 
even greater because competing manufacturers em- 
ploy different trade names for essentially the same 
product. For example, polyurethane, a thin insu- 
lating film covering copper wires, is known in 
North America under seven different trade names, 
depending upon the manufacturer: Polysol (Canada 
Wire), Soldereze (Phelps Dodge), Isomelt (Pirelli 
Cables), Analac (Anaconda Copper), Solderex 
(Essex), Gendure (General Cable), and Beldure 
(Belden). 

We often combine two or more insulators to 
create a new product having the specific advantages 
of its several components. For example, we com- 
bine glass fibers with synthetic varnishes to prod- 
uce an insulator that can resist both high tempera- 
tures and extreme vibration and shock. 
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Molecular structure of some natural and synthetic insulators. 


4-2 Solid insulators 


In one type of chemical reaction, called polymer- 
ization, some simple molecules are linked to form 
much larger molecules containing thousands of the 
original molecules (Fig. 4-1). A new substance 
formed in this way is said to be a po/ymer of the 
original molecule. All synthetic insulators are poly- 
mers. Natural rubber, resins, varnishes and bakelite 
are all polymers. Depending on their composition 
and molecular structure, polymers can be subdi- 
vided into many classes: polyvinyls, polyurethanes, 
polyesters, polyamides, polyimides, etc. For exam- 
ple, nylon is a polyamide, Dacron and Mylar® are 
polyesters and Kapton® is a polyimide. 

Such synthetic materials are used to insulate the 
wires in the coils.of motors, transformers, electro- 
magnets, relays, etc., as well as the heavily-insulated 
wire and cable which distribute electric power in 
buildings. These polymers are sometimes combined 
with other insulating materials (cotton, glass, etc.) 
to produce sheets and plates possessing great me- 
chanical strength, excellent resistance to high tem- 
peratures and superior electrical properties. 

Although we tend to use more and more syn- 
thetic materials, natural insulators are still indis- 
pensable in many applications. Cotton is still wide- 
ly used in the manufacture of insulating sheets, 
plates and cables. Paper is still one of the best ma- 
terials to cover high voltage conductors. Asbestos, 
a natural inorganic material, is employed in the 
manufacture of high-temperature wire and fire-re- 
sistant control panels. Mica, a superb insulator, 
acts as support for the heating elements in toasters 
and as a high-temperature, uncrushable insulator 
in the commutators of direct current machines. 


4-3. Liquid insulators 


Mineral oil is used in big power transformers as 
both an insulator and heat-transferring agent. It 
also prevents oxidation of the insulating materials 
because it completely surrounds the windings and 
inhibits the access of air. Oxidation is a particular- 
ly important problem in high-voltage (HV) trans- 


INSULATING MATERIALS 51 


formers because they tend to produce ‘corona dis- 
charges. In the presence of air, such HV discharges 
generate ozone, which is a very strong oxidizing 
agent. By immersing the windings in oil, we pre- 
vent the formation of ozone and, at the same time, 
heat dissipated by the windings is carried away to 
the surrounding tank. Because oil is a much better 
insulator than air, we can also reduce the size of 
the transformer. 

Oil, however, has the disadvantage of being 
flammable and its ignition temperature is only 
about 150°C. Some higher-temperature synthetic 
liquid insulators get around this problem, but they 
are more expensive and often cannot be used with 
other insulators because they tend to attack them 
chemically. 


4-4 Gaseous insulators 


One of the best insulators known is the a/r which 
surrounds us. Its thermal properties are better than 
those of porcelain, it acts as a cooling agent, and 
costs absolutely nothing. However, at very high 
temperatures, air becomes a good conductor, 
owing to the phenomenon of ionization. For ex- 
ample, at 2000°C, the resistivity of air is still as 
high as that of porcelain, but when its temperature 
increases to between 5000°C and 50 000°C, its 
conductivity approaches that of salt water. 

Sulfur hexafluoride (SF ¢) is another important 
insulating gas. Its molecules have the special ability 
to absorb free electrons, which accounts for its 
very high dielectric strength (10 times greater than 
air at a pressure of 400 kPa). Sulfur hexafluoride is 
used in high-voltage circuit breakers and enclosed 
transmission lines where space reduction is particu- 
larly important. 

Hydrogen is another important insulating gas 
sometimes used to cool large rotating machines. 
Hydrogen has a much lower density and viscosity 
than air and, consequently, produces less friction 
at high rotational speeds. Furthermore, for a given 
temperature rise, it absorbs almost 14 times as 
much heat as air does. Finally, pure hydrogen pre- 
vents any oxidation of the insulating materials and 
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thereby prolongs their life. Hydrogen cooling sys- 
tems, however, are very complex and require con- 
stant maintenance; their use is only justified in 
very large machines. 

From a safety point of view, hydrogen does not 
explode or burn, even in the presence of an electric 
arc, provided that the oxygen content is kept be- 
low 10 percent. 


4-5 Deterioration of organic insulators 


The factors that contribute most to the deteriora- 
tion of insulators are: 1. heat; 2. humidity; 3. vi- 
bration; 4. acidity; 5. oxidation and 6. time (Fig. 
4-2). Because of these various factors, the state of 
the insulators changes gradually; it slowly begins 
to crystallize and the transformation takes PuRCE 
more rapidly as the temperature rises. 

In crystallizing, the organic insulator becomes 
hard and brittle. Eventually, the slightest shock or 
mechanical vibration will cause it to break. Under 
normal conditions, with respect to the above fac- 
tors, most organic insulators have a life expectancy 
of eight to ten years provided that their tempera- 
ture does not exceed 100°C. On the other hand 
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Figure 4-2 


humidity 


some synthetic polymers can withstand tempera- 
tures as high as 200°C for the same length of time. 

Low temperatures are just as harmful as high 
temperatures are, because the insulation tends to 
freeze and crack. Special synthetic organic insula- 
tors have been developed, however, which retain 
their flexibility at temperatures even as low as 
-60°C. 


4-6 Life expectancy of electric equipment 


Apart from accidental electrical and mechanical 
failures, the life expectancy of electrical apparatus 
is limited by the temperature of its insulation: the 
higher the temperature, the shorter its life. Tests 
made on many insulating materials have shown 
that the useful life of electrical apparatus dimin- 
ishes approximately by half every time the temper- 
ature increases by 10°C. This means that if a mo- 
tor has a normal life expectancy of eight years at a 
temperature of 105°C, it will have a life expectan- 
cy of only four years at a temperature of 115°C, 
of two years at 125°C, and of only one year at 
135°C! 


chemicals 


yy) SO, 


noxious gases 


fungus 





vibration 


Factors which may shorten the life expectancy of an insulator. 


4-7 Thermal classification of insulators 


Committees and organizations that set standards™ 
have grouped insulators into five classes, depending 
upon their ability to withstand heat. These classes 
correspond to the maximum temperature levels of: 
105°C, 130°C, 155°C, 180°C and 220°C (formerly 
represented by the letters A, B, F, H, and C). This 
thermal classification (Table 4A)T is a cornerstone 
in the design and manufacture of electrical appa- 
ratus. As we shall see in Chapter 5, a different 
thermal classification is used for insulated wire and 
cable employed in commercial and_ industrial 
buildings and also homes. 


4-8 Electrical resistivity of insulators 


No insulator is perfect. When we apply a moderate 
voltage to an insulator, a very small current flows, 
in accordance with Ohm’s law. Part of this current 
filters through the volume of the insulator while 
the remainder leaks over the surface. The surface 
resistivity (and, consequently, the surface leakage 
current) varies greatly with humidity and the 
cleanliness of the surface. On the other hand, the 
volume resistivity, usually expressed in teraohm- 
meters (1 TQ-m = 10!” Q-m), is relatively constant. 
Both resistivities become important when insula- 
tors are subjected to very high voltages, such as in 
lightning arrestors and transmission lines. 

The resistance of an insulator is therefore com- 
posed of a “volume” resistance R in parallel with a 
surface resistance Rs. These resistance are given by: 


(4-1) 


and (4-2) 





* Such as I|EEE, Underwriters Laboratories, CSA. 
t See Sec. 4-9. 
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R = volume resistance [92] 

p = volume resistivity” [Q-m] 

! = length of insulator [m] 

A = cross-section of insulator [m7] 

RK, = surface resistance [{2] 

Ps = surface resistivity [Q2] 

C = perimeter of the cross-section [m] 


Example 4-1: 
An asbestos-base insulating spacer having a length 
of 100 mm and a cross-section of 15 x 15 mm is 
mounted between two flat bars operating at a po- 
tential difference of 120 kV (Fig. 4-3). The surface 
and volume resistivities are respectively 0.5 TQ 
and 0.01 T{2-m. 

Calculate the value of: 

a. the surface leakage current; 

b. the current flowing through the spacer; 

c. the power loss due to leakage current. 





Figure 4-3 Voltage applied to a solid insulator. 
Solution: 
Volume resistance R is: 
= pt Eq. 4-1 
¥) : 
0.100 
= 0.01 x 10° x —_—____—— 
See * Foie 0015 
= 444 x10" 
= 4.44 TQ 
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Surface resistance Rg is: Eq. 4-2 
j 
R= Psa 
0.10 
_ 12 
aieemeas Sa i0 1 
= 0.83 TQ 


a. Surface leakage current is: 


120 O00 
FS Ee 0.83 x 10” 
= 0.14 uA 
b. Volume leakage current is: 
120 000 
Be R= 4.44 x 10’? 
= 0.027 vA 


c. Total leakage current is: 
I = 0.14+0.027 
= 0.167 vA 
Power loss is: 
P = EI=0.167 x 10° x 120 000 
= 0.02 W = 20 mW 


4-9 Dielectric strength - Insulation breakdown 


The main purpose of a dielectric or insulator is to 
prevent significant current flow when subjected to 
a difference of potential. However, a dielectric 
cannot withstand higher and higher voltages. At a 
certain critical voltage, every dielectric material 
suddenly loses its insulating properties and breaks 
down. To explain such dielectric breakdown, con- 
sider a solid insulator placed between two metallic 


Solid insulator 





(a) zero voltage 


Figure 4-4 


plates connected to a variable voltage source (Fig. 
4-4). 

When the applied voltage between the plates is 
zero, the electrons revolving around the nucleus of 
each atom of the insulator will follow a generally 
normal orbital path (Fig. 4-4a). As we increase the 
voltage, the electrons are drawn towards the posi- 
tive plate and repelled by the negative plate so that 
the normal orbit becomes more flattened and ellip- 
tical (Fig. 4-4b). If we increase the voltage still 
more, the force of attraction becomes sufficiently 
great to tear the outermost valence electrons from 
their orbits (Fig. 4-4c). This separation occurs si- 
multaneously in hundreds of millions of atoms, so 
that the insulator suddenly becomes filled with an 
avalanche of free electrons. The original feeble 
leakage current suddenly increases millions of 
times and the resulting intense heat (/7R) decom- 
poses the molecular structure, destroying the insu- 
lator. | 

The breakdown voltage required to produce 
this catastrophic failure depends upon the nature 
of the insulator and its thickness. The ratio of 
breakdown voltage to insulator thickness is called 
dielectric strength. \t is generally expressed in 
kV/mm or in MV/m. Table 4B shows the dielectric 
strength of several insulators. Note that Mylar® 
possesses a dielectric strength 100 times greater 
than dry air. This synthetic material enables us to 
manufacture 400 V capacitors in which the thick- 
ness of the dielectric is only 0.006 mm, approxi- 
mately one-tenth the thickness of a page of this 
book! 





(b) high voltage 


(c) breakdown voltage 


Breakdown of an insulator. 


Example 4-2: 
Ordinary window-pane glass has a_ dielectric 


strength of about 50 MV/m. Calculate the maxi- 
mum voltage we could safely apply to a glass 


INSULATING MATERIALS 55 


Solution: 

50 MV/m is equal to 50 kV/mm. The giass could 
therefore withstand a difference of potential of 
3 x 50 = 150 kV before it punctures. 


3 mm thick. 





al 


TABLE 4A CLASSES OF INSULATION SYSTEMS 


es a a er a 


Class Illustrative Examples 


a a na a a a am a 


105°C Materials or combinations of materials such as cotton, silk, and paper when suitably impregnated or coated or 
A when immersed in a dielectric liquid such as oil. Other materials or combinations of materials may be included in 
this class if by experience or accepted tests they can be shown to have comparable thermal life at 105°C. 


130°C Materials or combinations of materials such as mica, glass fiber, asbestos, etc., with suitable bonding substances. 
B Other materials or combinations of materials may be included in this class if by experience or accepted tests they 
can be shown to have comparable thermal life at 130°C. 


155°C Materials or combinations of materials such as mica, glass fiber, asbestos, etc., with suitable bonding substances. 
F Other materials or combinations of materials may be included in this class if by experience or accepted tests they 
can be shown to have comparable life at 155°C. 


180°C Materials or combinations of materials such as silicone elastomer, mica, glass fiber, asbestos, etc., with suitable 
H bonding substances such as appropriate silicone resins. Other materials or combinations of materials may be 
included in this class if by experience or accepted tests they can be shown to have comparable life at 180°C. 


200°C Materials or combinations of materials which by experience or accepted tests can be shown to have the required 
N thermal life at 200°C. 


220°C Materials or combinations of materials which by experience or accepted tests can be shown to have the required 
R thermal life at 220°C. 


240°C Materials or combinations of materials which by experience or accepted tests can be shown to have the required 
S thermal life at 240°C. 


above Materials consisting entirely of mica, porcelain, glass, quartz, and similar inorganic materials. Other materials or 
240°C ° combinations of materials may be included in this class if by experience or accepted tests they can be shown to 
C have the required thermal life at temperatures above 240°C. 


ee ee ee 


The above insulation classes indicate a normal life expectancy of 20 000 h to 40 000 h at the stated temperature. This 
implies that electrical equipment insulated with a class A insulation system would probably last for 2 to 5 years if operated 
continously at 105°C. Note that this classification assumes that the insulation system is not in contact with corrosive, 
humid, or dusty atmospheres. 


For a complete explanation of insulation classes, insulation systems and temperature indices, see IEEE Std 1-1969, and the 
companion IEEE Standards Publications Nos 96, 97, 98, 99 and 101. See also IEEE Std 117-1974 and Underwriters Labo- 
ratories publication on insulation systems UL 1446, 1978. 


eee 
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4-10 lonization of a gas 


Most gases are excellent insulators, but they, too, 
break down in much the same way as solids do 
when the voltage becomes too high. 

Consider two conducting plates separated by an 
insulating gas, such as air (Fig. 4-5a). Let us apply 
a voltage to the terminals of the plates, as we did 
before. The occasional free electrons, always found 
in a gas, are accelerated towards the positive plate 
and, in their hurried course, will bump into neutral 
atoms. If we gradually raise the voltage, the speed 
eventually becomes so great that the free electrons 
collide violently with the neutral atoms, knocking 
out one or more of their electrons. The electrons 
knocked out of orbit are accelerated in turn and 
strike even other atoms, liberating still more elec- 
trons. The gas is suddenly filled with a multitude 
of free electrons and a substantial current begins 
to flow. In effect, when the electric field (ex- 
pressed in MV/m) attains this critical level, the gas 
becomes a conductor. | 

The electrons dislodged from their orbits leave 
behind atoms which now have a net positive 
charge. Such positively-charged atoms are called 
positive ions. Because these gaseous positive ions 
are free to move about, they will slowly drift to- 
wards the negative plate, while the free electrons 


move more rapidly towards the positive plate (Fig. 
4-5a). 


gas 


{ 





(a) (b) ions and electrons 


Figure 4-5 


1- 


electron 





As soon as a positive ion touches the negative 
metallic plate, it captures one of the millions of 
free electrons available at the plate. The ion imme- 
diately becomes a simple atom of ordinary gas 
(electrically neutral). The electrons captured by 
the ions are immediately replaced by other free 
electrons arriving at the positive plate. 

The circuit formed by the source, the plates 
and the gas now carries a moderate current, called 
jonization current. \f we increase the voltage still 
more, the ionization current increases until it 
produces an electric arc. The luminous electric arc 
is the result of photon emission from electrons 
within the atoms of the gas. When these electrons 
drop back from outer to inner orbits, the atomic 
energy is released in the form of photons (visible 
light). 

Such, ionization of a gas is always accompanied 
by the emission of radiant energy (visible, ultravio- 
let, or infra-red) and a hissing sound (mechanical 
energy). The effect is put to practical use in fluo- 
rescent lamps, as well as in mercury and sodium 
vapor lamps used in street lighting. 


4-11 Thermal conductivity 


All insulators are poor conductors of heat; their 
thermal conductivity is about 1000 times less than 
that of copper, for example. Stagnant air is the 
worst conductor of all: its thermal conductivity is 


su0J}99]93 
electrons 





(c) ionization current 


lonization of a gas. 


a. gas subjected to a potential difference: 
b. collisions produce ions and electrons: 


Cc. ionization current, 
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TABLE 4B PROPERTIES OF INSULATING MATERIALS 










Mechanical 
Properties 












Electrical Properties Thermal Properties 











thermal notes 


conductivity 









max operating 
temperature 


dielectric 
constant 


dielectric 


densit 
strength Y 






MV/m or 


k 3 
kV/mm g/m 


es °C W/(m-°C) 





















dry air 3 gas 












Sa 
hydrogen 2.7 ‘s on 
_ nitrogen 3.5 o°c 








101 kPa 














3 


30 MV/m 
at 400 kPa 


oxygen 





sulfur hexafluoride (SF) 


2000 
400 
1560 







solid asbestos 





asbestos wool 





synthetic liquid 
(restricted) 


askarel 









1600 to 2000 
2500 





epoxy 










glass 







| magnesium oxide (powder) 





500 to 1000 
110 
150 
150 
120 


40 to 240 
10 
400 
16 
14 





mica 















mineral oil 








mylar® a polyester 






























/ nylon a polyamide 








. paper (treated) 


polyamide 40 100 to 180 
polycarbonate 25 130 

| polyethylene 40 90 

| polyimide 200 180 to 400 
polyurethane 35 90 


polyvinylchloride (PVC) 1390 












porcelain 2400 

| rubber 12 to 20 950 
silicon 10 1800 to 2800 
teflon 20 2200 
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16 000 times less than that of copper (Fig. 4-6). 
The poor conductivity of air is the reason we dip 
electrical windings in an insulating varnish. The 
liquid varnish fills and eliminates the air pockets. 
When it hardens, the windings become a solid mass 
of copper embedded in insulation. Heat generated 
within the impregnated windings moves out more 
freely to surrounding oil or air than when air- 
pockets are present. 

Owing to the poor thermal conductivity of insu- 
lating materials, we tend to reduce their thickness 
to a strict minimum without, however, risking in- 
sulation breakdown or compromising mechanical 
strength. For example, a sheet of ordinary paper 
having a thickness of only 0.04 mm has sufficient 
dielectric strength to insulate the windings of a 
motor operating at 300 V. However, if used at this 
thickness, its weak mechanical strength renders it 
impractical. Consequently, we are obliged to use a 
sheet which is actually ten times thicker and pro- 
duces a much higher dielectric strength. 


stagnant air 


(a) (b) 


Figure 4-6 
16 000 mm copper. 


In high-voltage apparatus, it is the dielectric 
strength that mainly determines the thickness of 
the insulation used. The high dielectric strength of 
special polymers enables us to reduce the insula- 
tion thickness which, in turn, facilitates the 
cooling. 


Example 4-3: 
A copper bus bar 150 mm wide, 5 mm thick, and 


5 m long is coated with a film of polyvinyl chlo- 
ride (PVC) insulation 1mm thick (Fig. 4-7). If the 
bus carries a current of 2000 A and dissipates /7R 
losses of 450 W, calculate the difference of tem- 
perature between the copper and the external sur- 
face of the PVC. 


Figure 4-7 
Insulation covering 
a bus bar. 





Solution: 
Surface area A of the PVC next to the copper is: 
A= (150 + 150+5+5) -¢ 455)? 
1000 


PVC copper 


" s 


(c) 


A film of stagnant air, 1 mm thick, offers as much resistance to the flow of heat, as does 8 mm of PVC, or 


Also from Table 4B, we have A = 0.18 
Using Eq. 3-5 we have: 
z NA (£4 - ft) 


Eq. 3- 
P 7 q. 3-5 
0.18 x 1.55 (t; - to) 
4 = i. i 
oH 0.001 
{1-4 = 1.6°C 
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Figure 4-8 


4-12 Lightning strokes 


During stormy weather, by a process not yet fully 
understood, a charge separation takes place inside 
certain clouds, so that positive charges move to the 
upper part of the cloud while negative charges stay 
below (Fig. 4-8). This transfer will obviously set 
up an electric field within the cloud. Furthermore, 
the negative charge at the base of the cloud repels 
the free electrons of the ground below. Conse- 
quently, region T becomes positively charged, by 
induction. It follows that an electric field and a 
difference of potential will also be established be- 
tween the base of the cloud and the earth. Finally, 
yet another electric field exists between the elec- 
trons repelled from region T, and the positive 
charge at the top of the cloud. 

As more and more positive charges move up- 
ward, the electric field below the cloud becomes 
more and more intense. Ultimately, it reaches the 
critical ionization level where air begins to break 
down. lonization takes place first at the tips of 
church spires and the top of high trees, and may 
sometimes give rise to a bluish light. Mariners of 
old observed this light around the masts of their 
ships and called it St. Elmo’s fire. 

When the electric field becomes sufficiently 
intense, lightning will suddenly strike from cloud 
to earth. A‘single stroke may involve a charge 
transfer of from 0.2 to 20 coulombs, under a dif- 


Electric fields created by a thundercloud. 


ference of potential of several hundred million 
volts. The current per stroke rises to peak in one 
or two microseconds and falls to half its peak value 
in about 40 us. What is visually observed as a single 
stroke, is often composed of several strokes fol- 
lowing each other in rapid succession. The total 
discharge time may last as long as 200 ms. Dis- 
charges also occur between positive and negative 
charges inside the cloud, rather than between the 
base of the cloud and ground. The thunder we 
hear is produced by a supersonic pressure wave. It 
is created by the sudden expansion of air around 
the intensely-hot lightning stroke. 


4-13 Lightning arresters on buildings 


The simplest lightning arresters are metallic rods 
which exceed the highest point of a building, 
channeling the lightning towards a ground elec- 
trode by means of a conducting wire. This prevents 
the high current from passing through the building 
itself, which might cause a fire, or endanger its oc- 
cupants. A lightning arrester may be dangerous; 
during a discharge, it can momentarily create very 
high voltages between the conductor and ground. 

Much more sophisticated lightning arresters are 
used on electrical utility systems. They divert light- 
ning and high-voltage switching surges to ground 
before they damage costly and critical electrical 
equipment. 
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4-14 Lightning and transmission lines 


When lightning makes a direct hit on a transmission 
line, it deposits a large electric charge, producing 
an enormous overvoltage between the line and 
ground. The dielectric strength of air is immediate- 
ly exceeded and a flashover occurs. The line dis- 
charges itself and the overvoltage disappears in 
typically less than 5 ws. 
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Figure 4-9 


Unfortunately, the arc initiated by the lightning 
stroke produces a highly ionized path between the 
line and ground, which behaves like a conducting 
short-circuit. Consequently, the normal ac line 
voltage immediately delivers a large ac current 
which follows the ionized path. This follow- 
through current sustains the arc until the circuit- 
breakers open at the end of the line. The fastest 
circuit-breakers will trip in about 1/60th of a sec- 
ond, which is almost 16 000 us after the lightning 
hit the line. 

Direct hits on a transmission line are rare; more 
often, lightning will strike the overhead ground 
wire that shields the line. In the latter case, a local 
charge still accumulates on the line, producing a 
very high local overvoltage. This concentrated 
charge immediately divides into two waves that 
swiftly move in opposite directions at close to the 
speed of light (300 m/us). The height of the im- 
pulse wave represents the voltage that exists from 
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point to point, between the line and ground (Fig. 
4-9). The peak voltage (corresponding to the crest 
of the wave) may attain one or two million volts. 
Wave front ab is concentrated over a distance of 
about 300 m, while tail bc may stretch out over 
several kilometers. 

The wave also represents the point-to-point val- 
ue of the current flowing in the line. For most 
aerial lines, the ratio between surge voltage and 


Pi wave 
transmission line [ 


— >|300 m aii 1 | aaa 


Cc 


Se * A PR ae RPE Pie on eee Cp fl Ly all ip es 


Sf ge AO FF to 


Flow of electric charge along a transmission line. 


surge current corresponds to a resistance of about 
400 02. A surge voltage of 800 000 V at a given 
point is therefore accompanied by a surge current 
of 800 000/400 = 2000 A. 

As the wave travels along the line, the I°R and 
corona losses gradually cause it to flatten out, and 
the peak voltage decreases. 

Should the wave encounter a line insulator, the 
latter will be briefly subjected to a violent over- 
voltage. The overvoltage period is equal to the 
time it takes for the wave to sweep past the insula- 
tor. The voltage rises from its nominal value to sev- 
eral hundred kilovolts in about 1 us, corresponding 
to the length of wavefront ab. If the insulator can- 
not withstand this overvoltage, it will flash over, 
and the resulting follow-through current will cause 
the circuit-breakers to trip. On the other hand, if 
the insulator does not fail, the wave will continue 
to travel along the line until it eventually encoun- 
ters a substation. It is here that the impulse wave 


can produce real havoc. 

The windings of transformers, synchronous 
condensers, reactors, etc., are seriously damaged 
when they flash over to ground. Expensive repairs 
and even more costly shut-downs are incurred 
while the apparatus is out of service. The overvolt- 
age may also damage circuit-breakers, switches, in- 
sulators, relays, etc., which make up a substation. 
To reduce the impulse voltage on station apparat- 
us, lightning arresters are installed on all incoming 
lines. 

Lightning arresters are designed to clip off the 
voltage peaks that exceed a certain level, say 
400 kV. In turn, the apparatus within the substa- 
tion is designed to withstand impulse voltages 
slightly higher than the arrester “clipping voltage,” 
say 550 kV. Consequently, if a 1000 kV surge 
voltage enters a substation, the station arrester di- 
verts a substantial part of the surge energy to 
ground. The residual impulse wave which travels 
beyond the arrestor then has a peak of only 
400 kV. This impulse can easily be borne by sta- 
tion apparatus built to withstand an impulse of 
550 kV. 


4-15 Basic impulse insulation level (BIL) 


How do insulating materials react to impulse volt- 
ages? Tests have shown that the withstand capabili- 
ty increases substantially when voltages are applied 
for very brief periods. To illustrate, suppose we 
wish to carry out an insulation test on a transform- 
er, by applying a 60 Hz sinusoidal voltage between 
the windings and the tank. As we slowly raise the 
voltage, a point will be reached where breakdown 
occurs. Let us assume that the breakdown voltage 
is 46 kV (RMS) or 65 kV crest. 

If we now apply a dc impulse between the 
windings and ground, we discover that it takes 
about twice the peak voltage (or 130 kV) before 
the insulation breaks down. The same is true of 
suspension insulators, bushings, spark gaps, etc., 
except that the ratio between impulse voltage and 
crest ac voltage is closer to 1.5. 

In the interest of standardization, and to enable 
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a comparison between the impulse withstand capa- 
bility of similar devices, standards organizations 
have precisely defined the shape and crest values 
of impulse waves. Figure 4-10 shows such a stan- 


peak voltage 





0 1.2 50 us 


———+ time 


Figure 4-10 Standard shape of impulse voltage used to 
determine the BIL rating of electrical apparatus. 





TABLE 4C TYPICAL PEAK VOLTAGES FOR 
1.2x50us BIL TESTS 
Values are in kilovolts 

1550 825 250 
1425 750 200 
1300 650 150 
1175 550 110 
1050 450 90 

900 350 30 


dard impulse wave. It attains its peak after 1.2 Us 
and falls to one-half the peak in 50 us. The peak 
voltage has a defined set of values that range from 
30 kV to 2400 kV (see Table 4C). 

The peak voltage is used to specify the basic 
impulse insulation levels (BIL) of equipment. 
Thus, a piece of equipment (transformer, insulator, 
capacitor, resistor, bushing, etc.) that can with- 
stand a 1.2 x 50 microsecond wave of 900 kV, is 
said to possess a basic impulse insulation level (or 
BIL) of 900 kV. 
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The BIL of a device is always several times sulation which, in turn, increases the size and the 
higher than its nominal ac operating voltage. For cost of equipment. 
example, a 69 kV distribution transformer must 
have a BIL of 350 kV. However, there is no special In conclusion, the peak voltage across an ar- 
relationship between BIL and nominal voltage. As rester should never exceed the BIL of the apparat- 
the BIL rises, we must increase the amount of in- us it is intended to protect. 





Figure 4-11. A 4000000 V impulse causes a flashover across an insulator string rated at 
500 kV, 60 Hz. Such impulse tests increase the reliability of equipment in the 
field. The powerful impulse generator in the center of the photo is 24 m high 
and can deliver 400 kJ of energy at a potential of 6.5 MV (/REQ). 


QUESTIONS AND PROBLEMS 


Practical level 

4-1 What determines whether a body is a con- 
ductor or an insulator? 

4-2 Name two metals used for the transmission 
of electrical energy. 

4-3. Do metals which are good conductors have a 
high or a low resistivity? 

4-4 Name two metallic materials which are used 
as heating elements. 

4-5 Why do we insulate certain conductors? 

4-6 Name three insulators that can tolerate high 
temperatures without deteriorating apprecia- 
bly. 

4-7 Name some of the factors which contribute 
to the deterioration of organic insulators. 

4-8 Atransformer is built with class H insulation. 
What maximum temperature can it with- 
stand? 

4-9 Name three insulating gases and give the ad- 
vantage of each. 

4-10 Describe what happens when a voltage break- 
down occurs: 

a. ina solid insulator; 
b. in a gaseous insulator. 
4-11 What is meant by the abbreviation BIL? 


Intermediate level 


4-12 


4-13 


4-14 


An electric motor has a normal life of eight 
years when the ambient temperature is 30°C. 
If brought to a location where the ambient 
temperature is 60°C, what is the new proba- 
ble life of the motor? 

An electromagnet (insulated class A) has a 
normal life of two years. What is its new life 
span if it is rewound using class F insulation? 
(Assume the temperature of the magnet re- 
mains the same). 

A page of this book has a thickness of 80 um. 
If its dielectric strength is 7 MV/m, what 
voltage can we safely apply across opposite 


4-15 


4-16 


4-17 


4-18 


4-19 


4-20 


4-21 


4-22 


4-23 
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faces before the page breaks down? 

Estimate the breakdown voltage of the fol- 

lowing: 

a. a window-pane having a thickness of 
3mm; 

b. two spheres in air separated by a distance 
of 25 mm; 

c. a polyimide film 0.025 mm thick which 
insulates a copper wire used in the coil of 
a relay. 

We propose to insulate two adjacent elec- 

trical conductors with impregnated paper. 

What minimum thickness should be used if 

the voltage between the conductors is 

200 kV? | 

Why do we impregnate windings with an in- 

sulating varnish? Give two reasons. 

Why do we always try to minimize the quan- 

tity of insulation around electrical conduc- 

tors? 

Draw the graph of a 1.2 x 50 wus impulse 

having a peak of 900 kV. 

A station lightning arrestor is designed to 

carry an impulse of 5000 A at a crest voltage 

of 600 kV. What BIL would you recommend 
for the station apparatus? 

A lightning stroke delivers a charge of 6 cou- 

lombs at a potential difference of 200 MV. 

a. Calculate the energy, average current and 
average power of the stroke if it lasts for 
200 us; 

b. If it were possible to harness this energy 
to run a / kW electric stove, for how 
many hours would it heat? 

In Example 4-3, calculate the difference of 
temperature across the insulator if the bus 
bar is insulated with 2 mm of epoxy. 
A glass coffee pot is set upon a 1500 W stove 
element having a diameter of 150 mm. If the 
glass is 2mm thick, calculate the tempera- 
ture of the glass facing the element when the 
coffee is simmering at 80 C. Assume 80% of 
the heat given off by the element is available 
to warm the coffee. 








CONDUCTING 
MATERIALS, 
WIRE AND CABLE 


Most electrical conductors are either solid or liquid, 
but even gases become conductors when their tem- 
perature is high enough. In this chapter, we direct 
our attention mainly to the electrical, thermal, and 
mechanical properties of solid conductors. 
5-1 Good conductors 
Silver is an excellent conductor of electricity but, 
owing to its high cost, it is only used where its 
special properties are particularly important, such 
as in contacts which open and close electrical cir- 
cuits. Copper is the most common material used 
because it conducts almost as well as silver, and 
costs much less. However, in the case of transmis- 
sion lines, aluminum is often preferred because, 
for a given length and weight, its electrical resis- 
tance is about one-half that of copper. On the 
other hand, for a given resistance, the volume of 
aluminum is almost 1.7 times that of copper; con- 
sequently, it is far less attractive in the manufac- 
ture of electrical machines. 

Phosphor bronze, an alloy of copper and tin, is 
used to make molded electrical parts, trolley wires, 
fuse clips, and flat springs. 
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5-2 Resistive conductors 


The most important resistive materials are alloys 
of nickel and chromium, such as nichrome® and 
chromel®. They are used in rheostats, resistors 
and in heating elements of all kinds. 

Tungsten is principally used to manufacture the 
filaments of incandescent lamps. Its high melting 
point permits a filament temperature sufficiently 
intense to emit a nearly white light. 

There are at least thirty other resistive alloys of 
nickel, iron, cobalt and copper bearing names such 
as Nilvar®, Advance®, Karma®, Chromax®, 
Copel®, Ohmaloy®, etc. Their exceptional prop- 
erties, such as high resistance to corrosion or great 
mechanical strength, render them useful for special 
applications. | 


5-3 Conductor shapes 


Conductors are manufactured in a great variety of 
shapes and sizes to meet various applications. Wires 
are round, square, or flat; cables may be solid or 
stranded, and some heavy conductors are simply 
bare, rectangular bars (bus bars). 


Most conductors are made of wire having a cir- 
cular cross section, obtained by drawing the wire 
through successive dies (Fig. 5-1a). 

Conductors having a square or rectangular cross 
section (Figs. 5-1b and 5-1c) are found in the 
windings of large transformers as well as in motors 
and generators. Rectangular conductors enable us 
to put almost 20 percent more copper in a given 
Space, as compared to round conductors. 

Stranded conductors are made up of several 
wires (called strands) that are twisted together to 
produce a more flexible wire or cable (Fig. 5-1d). 
The use of stranded conductors makes it easier to 
lay heavy cable, and to string transmission lines. 
Some stranded-aluminum conductors contain a 
central core composed of a stranded steel cable to 
increase the mechanical strength. Such cables are 
commonly designated by the term A.C.S.R. (alu- 
minum cable steel reinforced). 





(a) (b) (c) (d) 
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called the ‘Brown & Sharp Gauge”’ (B & S). 
According to this standard, each wire bears a 

gauge number, and the diameter of the wire dimin- 

ishes as the gauge number increases: for instance, a 

#6 gauge wire is smaller than a #4 gauge wire. Ta- 

ble 5A gives the properties of round wires corre- 

sponding to the respective gauge numbers. The 
reader will find it useful to memorize the following 
rules which apply to the AWG system:* 

1. A conductor which has twice the cross sec- 
tion of another has a gauge number which is 
three numbers smaller. Example: the cross 
section of a #15 wire is double that of a #18 
wire. | 

2. A conductor which has ten times the cross 
section of another has a gauge number which 
is ten numbers smaller. Example: a #4 gauge 
wire has the same cross section as ten #14 
gauge wires. | 





(e) (f) 


Figure 5-1 Various commercially available conductor shapes. 


The high currents encountered in substations 
and in heavy industry are often carried by bare 
conductors having special shapes to facilitate the 
dissipation of heat and to increase mechanical 
strength (Figs. 5-1e and 5-1f). 

Finally, we use resistive conductors having a 
circular or square cross section in the manufacture 
of electric heaters, motor starters, and rheostats. 


5-4 Round conductors 


In the United States and Canada, the diameters of 
round conductors are standardized according to 
what is known as the “Standard American Wire 
Gauge” (abbreviation AWG). This standard is also 


Figure 5-2 shows how to measure the conduc- 
tor size by means of a slotted wire gauge. After 
Stripping all insulation (including the varnish cov- 
ering), the bare wire is inserted into the slot that 
gives the best fit. The slot number corresponds to 
the wire size. 


* The AWG system follows a geometric progression in 
which the diameters for wire gauges #4/0 and #36 are 
fixed at 460 mils and 5 mils, respectively. Because 
there are 39 wire sizes between #4/0 and #86, the 
ratio between two successive diameters is 


32/460/5 = 1.1229... 
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TABLE 5A PROPERTIES OF ROUND COPPER CONDUCTORS 





















Diameter of Cross section Resistance Typical 













bare conductor mQ/m or &/km diameter 
of 
mm? cmils 25°C 105°C insulated 
| magnet 
250MCM 12.7 500 126.6 250 000 0.138 0.181 1126 wire 
4/0 11.7 460 1074 212 000 0.164 0.214 953 ee es 
2/0 9.27 365 674 133.000 0.261 0.341 600 lave 
1/0 8.26 325 53.5 105 600 0.328 0.429 475 magnets 
1 7.35 289 42.4 87 700 0.415 0.542 377 motors 
2 6.54 258 33.6 66 400 0.522 0.683 300 sera 
3 5.83 229 26.6 52 600 0.659 0.862 237 formers 
4 5.18 204 21.1 41 600 0.833 1.09 187 etc. 
5 4.62 182 168 33 120 1.05 1.37 149 
6 4.11 162 13.30 26 240 132 1.73 118 
7 3.66 144 10.5 20 740 1.67 2.19 93.4 
8 325 128 8.30 16 380 212 2'90 73.8 
9 2.89 114 6.59 13 000 2.67 3.48 58.6 3.00 
10 2.59 102 5.27 10 400 3.35 4.36 46.9 2.68 
11 2.30 90.7 417 8 230 4.23 5.54 37.1 2.39 
12 2.05 80.8 3.31 6 530 5.31 6.95 29.5 2.14 
13 1.83 72.0 2.63 5 180 6.69 8.76 25.4 1.91 
14 1.63 64.1 2.08 4110 8.43 11.0 18.5 1.71 
15 1.45 57.1 1.65 3 260 10.6 13.9 14.7 1.53 
16 1.29 50.8 1.31 2 580 13.4 176 11.6 1.37 
17 1.15 45.3 1.04 2 060 16.9 22.1 9.24 1.22 
18 1.02 40.3 0.821 1620 14 27.9 7.31 1.10 
19 0.91 35.9 0.654 1 290 26.9 35.1 5.80 0.98 
20 0.81 32.0 0.517 1020 33.8 443 4.61 0.88 
21 0.72 28.5 0.411 812 42.6 55.8 3.66 0.79 
22 0.64 253 0.324 640 54.1 70.9 2.89 0.70 
93 0.57 22.6 0.259 511 67.9 88.9 2.31 0.63 
24 0.51 20.1 0.205 404 86.0 112 1.81 0.57 
25 0.45 17.9 0.162 320 108 142 1.44 0.51 
26 0.40 15.9 0.128 253 137 179 1.14 0.46 
27 0.36 14.2 0.102 202 172 225 0.908 0.41 
28 0.32 12.6 0.080 159 218 286 0.716 0.37 
29 0.29 11.3 0.065 128 272 354 0.576 0.33 
30 0.25 10.0 0.0507 100 348 456 0.451 0.29 
31 0.23 8.9 0.0401 79.2 440 574 0.357 0.27 
32 0.20 8.0 0.0324 64.0 541 709 0.289 0.24 
33 0.18 7.1 0.0255 50.4 689 902 0.228 0.21 
34 0.16 6.3 0.0201 397 9873 1140 0.179 0.19 
35 0.14 5.6 0.0159 31.4 1110 1450 0.141 0.17 
36 0.13 5.0 0.0127 25.0 1390 1810 0.113 0.15 
37 0.11 4.5 0.0103 20.3 1710 2230 0.091 0.14 
38 0.10 4.0 0.0081 16.0 2170 2840 0.072 0.12 
39 0.09 3.5 0.0062 12.3 2820 3690 0.055 0.11 
40 0.08 3.1 0.0049 96 3610 4720 0.043 0.1 





Figure 5-2 Measuring the size of a conductor with a wire gauge. 


5-5 Mils, circular mils 


The diameter of a conductor is sometimes ex- 
pressed in mi/s instead of in millimeters. The mil is 
a unit of length equal to one thousandth of an 
inch, or 0.0254 mm. 

Similarly, the cross section of round wires is 
sometimes expressed in circular mils instead of in 
square millimeters. The circular mil (cmil or CM) is 
a unit of area equal to the area of a circle having a 
diameter of 1 mil (Fig. 5-3). A circular mil is there- 
fore equal to 0.00 506 707 mm’. The cross section 
of a round conductor expressed in circular mils is 
equal to the square of its diameter expressed in 
mils. 


Example 5-1: 


Calculate the cross section of a round wire having 


a diameter of 0.102 inches. 


Solution: 
The diameter is equal to 102 thousandths of an 
inch, or 102 mils. The cross section is therefore: 

A = 102 mils x 102 mils = 10 404 circular mils 
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0.001 


cross section 
—_> 


1 cmil 





Figure 5-3 Circular mil. 


5-6 Stranded cable 


The cross section of stranded cable is equal to the 
sum of the cross sections of all the strands, and 
does not include the area of the spaces between 
them. Thus, a #10 stranded wire possesses the same 
net cross section (and the same resistance) as a #10 
solid wire. | 

Conductors bigger than #0000 (or 4/0) are gen- 
erally identified by their cross section in thousands 
of circular mils (MCM).* Thus, a 250 MCM con- 
ductor has a cross sectiion of 250 000 cmil; it does 
not bear a gauge number. 


5-7 Square wires 


Square wires have gauge numbers that correspond 
to those of round wires. Here is the rule: If the 
side of a square wire has the same dimensions as 
the diameter of a round wire, the two bear the 


* There is no standard symbol for this unit. Other com- 
mon abbreviations are KCM and kcmil. 
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same gauge number (Fig. 5-4). It follows that the 
cross section of a square wire is about 25 percent 
greater than that of a round wire having the same 
gauge number. 


No. 10 gauge 
round wire 





No 10 gauge 
square wire 





Figure 5-4 Square and round wires having the same 
gauge number. 


5-8 Resistance of a conductor 


At a given temperature, the resistance of a conduc- 
tor depends upon its length, its cross section, and 
the nature of the material. The relationship is 
given by: 


l 


= PA (5-1) 


R 


R = resistance of the conductor [QQ] 
resistivity of the material [(2-m] 

1 = length of the conductor [m] 

A = cross section of the conductor [m7] 

Resistivity is a basic property of a substance, 
representing its opposition to current flow. The Sl 
unit of resistivity is the ohm meter [Q2:m]. How- 
ever, owing to the low resistivity of metallic con- 
ductors, we prefer to use a submultiple, the 
nanohm-meter [nQ-m], equal to 10? Q-m. The 
resistivity of some common metals is given in Ta- 
ble 5B. 


Dd 
| 


Example 5-2: 

Calculate the resistance of copper conductor having 
a length of 2 km and a cross section of 22 mm? 
(Fig. 5-5). Assume the resistivity is 18 nQ-m. 


Figure 5-5 See Example 5-2. 


Solution: 

Knowing that: 
1 = 2km = 2000m 
A = 22mm? = 22x 10 °m? 
p = 18nQ-m = 18x10? Q 


We find: 
l 
R= PA 
_ 18 2000 
= 709% 390x108 164% 
Example 5-3: 


Calculate the resistance of 25m of #20 AWG 
nichrome wire at a temperature of O°C. 


Solution: 
According to Table 5A, the cross section of #20 
gauge round wire is 0.517 mm?. Furthermore, the 
resistivity of nichrome is 1080 n&Q2-m (Table 5B). 
The resistance of conductor is theretore: 
l 

R= PA 
1080 26 
10° * 0.517x 10° 
The resistance given by Equation 5-1 is the so- 
called the resistance of the conductor. The resis- 
tance may be considerably higher when the con- 


= 62.2 2 
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TABLE 5B 


ELECTRICAL, MECHANICAL AND THERMAL PROPERTIES OF 
SOME COMMON CONDUCTORS (AND INSULATORS) 


Electrical properties 








Thermal properties 


specific 
heat 
cE sel : 


21 62 960 218 660 | 

124 370 370 143 960 
” ” 710 5.0 | 3600 
- 4i0 | 226] 1190 
35 380 394 | 1083 
= 130 296 | 1063 


Mechanical properties 






















thermal 
conduc- 
tivity 





melting 


Chemical 
point 


symbol 
or 
composition 


Material 






density 














kg/m? 
or 
g/dm? 










Al 
=~ 70% Cu, Zn 


aluminum 





brass 










carbon/ C 


graphite 






54% Cu, 
45% Ni, 1% Mn 


constantan 








copper Cu 











gold Au 


iron Fe 








Pb 





jead 





84% Cu, 4% Ni 
12% Mn 


manganin 














mercury 140 8.4 ~ 39 
molybdenum 246 138 2620 
monel . 30% Cu, 530 25 1360 





69% Ni, 1% Fe 







nichrome 80% Ni, 20% Cr 









nickel Ni 









platinum Pt 71 1773 
silver 408 960 
tungsten 20 3410 
zinc 110 420 







hydrogen 






pure water 


0.024 
0.17 
0.58 
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ductor carries an alternating current. The reason is 
that the ac flux created by the current produces an 
uneven current distribution in the conductor, thus 
raising its effective resistance. The ratio of ac to dc 
resistance depends upon the frequency, conductor 
size and permeability of the conductor and its sur- 
roundings. Thus, a large conductor embedded in 
iron may have an ac resistance that is 20% higher 
than the dc resistance. However, at 60 Hz, the ac 
resistance of most conductors is very close to the 
dc resistance. 


5-9 Resistance as a function of temperature 


The resistance of most metallic conductors in- 
creases with temperature. It may be calculated by 
using the equation: 


ios 


R; = resistance of the conductor at f¢ "CG (9) 

Ro= resistance at OC [Q] 

a = temperature coefficient [1/°C] * 

t = temperature [°C] 

Table 5B gives the temperature coefficient of 
some common metals. Thus, for copper, @ = 
0.004 27. 


Example 5-4: 

A transmission line made of copper has a resis- 
tance of 100 Q at O°C. Calculate the change in re- 
sistance between summer and winter, knowing 
that the temperature varies from + 35°C to - 30°C. 


Solution: 
The resistance of the line at - 30°C is: 
R 100 {1 + (0.004 27 x - 30)} 
100 (1 - 0.13) = 100 (0.87) = 87 Q 


II 


At 35°C, the resistance is: 
R = 100 {1+ (0.004 27 x 35) } 
= 100 (1+0.15) = 115 Q 


* q is a greek letter pronounced “alpha”. 


The resistance of the transmission line varies 
from 87Q2 to 115, which represents a total 
change of 28Q (or 32 percent of 87 {2). Conse- 
quently, for the same line current, the copper 
losses during the summer are 32 percent higher 
than during the winter. 


Example 5-5: | 

The filament of a 60-watt incandescent lamp pos- 
sesses a cold resistance of 17.69 at 20°C (Fig. 
5-6). The lamp draws a current of 0.5 A when con- 
nected to a 120 V source. Calculate the tempera- 
ture of the hot filament. Take a = 0.0055/°C. 





Figure 5-6 See Example 5-5. 


Solution: 
First, we calculate Ro, the resistance of the fila- 
ment at OC: 
Rt = Ro (1 + at) 
17.6 = Ro (1+ 0.0055 x 20) 


from which 
Ro = 15.85 Q 


Hot resistance of the filament is: 
Ry= E/T =120/0.5 = 2400 
Using Eq. 5-2, and letting ¢ be the operating 
temperature, we obtain: 
240 = 15.85 (1 + 0.0055 £) 
from which 
t = 2571°C 


The resistance of some alloys, such as con- 
stantan and maganin, changes very little with tem- 
perature; consequently, we use these materials to 
make resistance standards and ammeter shunts. 

Other alloys, such as nichrome and chromel, 
possess a high resistivity as well as a low tempera- 
ture coefficient. They are used in heating elements 
and commercial resistors whose resistance should 
change only slightly with temperature. For exam- 
ple, the resistance of nichrome V increases by only 
7 percent when its temperature increases from 
20°C to 1000°C. 


5-10 Melting point 


The melting point is one of the chief factors that 
determines the choice of metals used in furnace 
elements, fuses, and incandescent lamps. 

Most metals soften and melt at around 1200°C 
and, consequently, they are not suitable as light- 
emitting materials. At this temperature, they emit 
a yellowish-orange color which is far from the 
white light emitted by the sun. Tungsten is a 
unique exception because it melts at 3410°C and 
has good mechanical strength up to 2800°C; at 
this temperature the quality of light is good. 

Zinc, which melts at 420°C, is mainly used in 
fuses. Although lead melts at even lower tempera- 
tures, it is seldom used for this purpose. 

Finally, molybdenum, which melts at 2610°C, 
is employed as a resistive element in high-tempera- 
ture electric furnaces. A hydrogen atmosphere is 
sometimes used to prevent oxidation of the 
heating elements. 


5-11 Fusing current 


If the current carried by a conductor is high 
enough, the conductor will melt. The fusing cur- 
rent depends upon the material and upon the di- 
ameter of the conductor. For bare, round conduc- 
tors in free air, the current is given by the fol- 
lowing approximate equation: 
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TABLE 5C FUSING COEFFICIENT 
Metal k 

copper 69 
silver 62 
aluminum 30 
chromel 29 
zinc 14 
lead 6 
where 


I = fusing current [A] 


d = diameter of the wire [mm] 
k = coefficient depending upon the metal (see 
Table 5C) 
Example 5-6: 


Calculate the fusing current for #12 copper wire, 
in air. 


Solution: 
The diameter of #12 copper wire is 2.05 mm and 
k = 69. 


i= fe" 
= 69 (2.05)?/2 = 203A 
5-12 Fuses 


The melting point of a conductor is put to practi- 
cal use in the construction of fuses. These devices 
usually comprise a fuse link enclosed in a fiber 
tube (Fig. 5-7). Fiber is very popular because of its 
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tough resistance to arcs, its mechanical strength, 
and its excellent insulating properties. 


fibre tube 





Figure 5-7 Cartridge fuse (non renewable) and 
fuse-holder, rated 30 A, 250 V. 


(Bussmann) 


fuse terminal (copper) 





fuse link 


fosgen dl 


15A 





Figure 5-9 Plug fuse rated 15 A, 240 V. 


The fuse link is indented at one, two, or three 
places along its length so as to create short, narrow 
bridges of relatively high resistance (Fig. 5-8). 
When the current exceeds the nominal value, the 
bridges melt thereby interrupting the circuit. Plug 
Tuses found in homes are designed along the same 
principles as industrial fuses (Fig. 5-9). 

When a severe short-circuit occurs, the current 
becomes very high and the tremendous heat causes 
the fusible element to literally explode. The fiber 
tube must withstand the high internal pressure and 
special precautions must be taken to prevent the 
arc from being sustained by the vaporized metal. 


To meet these requirements, we increase the 
length of the fuse as the operating voltage in- 
creases. Furthermore, the amount of fusible metal 
is kept to a strict minimum. Fuses are usually de- 
signed to carry the nominal current in an ambient 
temperature of 50°C. ) 

Manufacturers of industrial fuses specify not 
only the nominal current, but also the maximum 
current the fuse may have to interrupt. For exam- 
ple, the 30 A, 250 V fuse shown in Figure 5-7 can 
interrupt a 250 V circuit even if the source has the 
ability to deliver a short-circuit current of 
200 000 A. 

High rupturing capacity (HRC) fuses often have 
a fusible element made of a thin copper or silver 
wire. 


5-13 Contact resistance 


When a fuse is pushed into the fuse holder, the 
contact with the stationary parts is never perfect. 
This may give rise to appreciable contact resistance 
and substantial JR losses. The heat may cause the 
fusible element to melt, even if the current Is 
below its rated value. A poor contact sometimes 
becomes so hot that the insulating supports be- 
come carbonized and a massive, dangerous short- 
circuit can result. Poor contacts anywhere are 
always a potential hazard. 


Example 5-7: 

The terminals of a circuit-breaker are bolted to a 
bus-bar and the contact resistance is 0.0001 (2. If 
the current is 6000 A, calculate the heat dissipated. 


Solution: 
The heat released is: 

P = [’R 

= 0.0001 x (6000)? = 3600 W 

This very high power loss will soon carbonize 
any surrounding insulation and will soften up and 
oxidize the metallic parts. This, in turn, increases 
the contact resistance still more until a catastroph- 
ic failure occurs. Note that the apparently “‘low re- 
sistance’’ is no guarantee that a joint will not over- 
heat. 


5-14 Nonlinear resistors 


Most resistors are linear, which means that for a 
given temperature the current is proportional to 
the applied voltage. However, some materials are 
available in which the current does not increase in 
proportion to the voltage; they are called non- 
linear resistors. 7Thermistors, whose resistance is 
very sensitive to temperature changes, and varistors 
whose resistance drops with applied voltage are 
two examples of nonlinear resistors. 


5-15 Thermistors 


Figure 5-10 indicates that the resistance of a 
thermistor falls very rapidly as the temperature in- 
creases. The resistance decreases progressively 
from 4000 Q2 to 3 {2 as its temperature varies from 
- 50°C to + 150°C. Ata temperature of 25 C, the 
resistance falls at a rate of 4 percent per degree 
Celsius, which makes the thermistor useful as a 
temperature detector. 


thermistor 





100 


resistance 








-50 0 50 100 150 °C 


——~> temperature 


Figure 5-10 Typical thermistor characteristic. 


5-16 The varistor (Thyrite) 


The varistor is also a nonlinear resistor whose resis- 
tance decreases instantaneously as the voltage in- 
creases. It is made of a silicon-carbide powder and 
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built in the shape of a disc, sometimes as big as a 
hockey puck. The £-/ characteristic of a varistor 
shows that the current increases dramatically with 
increasing voltage. Thus, when the voltage increases 
from 1.5 kV to 10 kV, the current rises from 1 mA 
to 100 A, an increase by a factor of 100 000 (Fig. 
5-11). 


varistor 





0 2 4 6 8 
———» voltage 


10 kV 
Figure 5-11 Typical varistor characteristic. 


Varistors are placed in parallel with critical 
components which might be damaged by transient 
high voltages. They are also used in lightning ar- 
resters which protect very large electrical installa- 
tions. Arresters are discussed in greater detail in 
Chapter 30. 


5-17 Resistance of the ground 


The resistance of the ground has a very important 
influence on electrical installations. First, for safe- 
ty reasons, most electrical installations are con- 
nected to ground (earthed). Second, some high 
tension dc transmission lines use the ground as a 
return conductor to carry currents of several hun- 
dred amperes. Third, because the ground is a rela- 
tively good conductor, it offers a path for leakage 
currents of all kinds, which can corrode metallic 
pipes and structures buried in the ground. 

The resistivity of the ground ranges between 
5 Q-m and 5000 Q2-m depending on its composi- 
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tion (clay, sand, granite, etc.) and the degree of 
moistness. For example, in the spring the resistiv- 
ity of wet soil may be 50 {2-m, and during the 
summer it may reach 300 {2-m as the soil dries. 
Soil resistivity also varies with temperature. It in- 
creases slowly as temperatures approach the freez- 
ing point and then increases very rapidly as the 
temperature decreases further. 


5-18 Resistance between two electrodes 


In spite of its high resistivity, the ground is an ex- 
cellent conductor. This is due to the enormous 
cross section it offers to current flow. For example, 
if we apply a voltage E between two electrodes 
driven into the ground, we note that the current 
flows throughout the entire volume of the earth, 
following a path similar to that shown in Fig. 5-12. 
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Figure 5-12 Ground current between two electrodes. 


The resistance between the electrodes remains 
quite low, even though they may be many kilo- 
meters apart. We distinguish four resistances in the 
circuit of Fig. 5-12: 
1. Resistance of the metal electrodes - negligi- 
ble; 
2. Contact resistance between the electrodes 


and the soil - negligible; 

3. Resistance of the soil around each electrode 
- important (this resistance depends mainly 
upon the nature of the soil and the depth of 
the electrodes); 

4. Resistance of the ground between the elec- 

trodes - negligible. 

Experience has shown that the resistance Is 
mainly concentrated in a 10-meter radius around 
each electrode. Beyond this circle, the resistance is 
negligible. Consequently, the distance between 
electrodes does not change the resistance between 
them unless the electrodes are very close together. 

We can reduce the resistance by driving the 
electrodes deeper into the ground or by impreg- 
nating the surrounding soil with chemicals, such as 
copper sulfate. In general, the electrode resistance 
diminishes by half whenever the depth is increased 
by a factor of 1.7. For example, if a depth of 1 m 
gives a resistance of 80 (2, a depth of 1.7 m re- 
duces the resistance to 40 22. 


5-19 Measuring the resistance 
of a ground electrode 


We can easily measure the resistance of one elec- 
trode by using the set-up shown in Fig. 5-13. A 
voltage £, is applied between two electrodes A and 
B and we measure the resulting current /. We then 
measure the voltage & between electrode A and a 
small metallic probe placed at 60 percent of the 
distance d between the two electrodes. The ratio 





Figure 5-13 Measuring the resistance of 
a grounding electrode. 


E/T gives the ground resistance of electrode A. It is 
simply called the resistance of electrode A. Note 
that in making the test the distance between the 
electrodes must be at least ten times the depth h. 


Example 5-10: 

Referring to Figure 5-13, two electrodes A and B, 
12 m apart, are driven to a depth of 80cm ina 
field. A source £'; causes a current of 0.2 A to flow 
in the circuit. A voltage of 19 V is measured at a 
distance 60% x 12 = 7.2m from one of the elec- 
trodes. The resistance of electrode A is, therefore: 

R = E/l = 19/0.2 = 959* 

Special instruments are available to measure 
ground resistance (Fig. 5-14) but the simple meth- 
od described above is sufficiently accurate in most 
cases. 





Figure 5-14 Earth tester for measuring ground resistance: 
range: 0.01 to 9990 ohms. (James G. Biddle 
Co.) 


5-20 Resistance of liquid conductors, electrolytes 


Metals such as mercury, lead, iron, and so forth 
contain as many free electrons in their liquid state 
as they do when they are,solid. It follows that 
such metallic liquids are excellent conductors of 
electricity. 


* Both the National Electrical Code and the Canadian 
Electrical Code require a maximum ground resistance 
of 25 2 per electrode. 
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Pure water, on the other hand, is an excellent 
insulator whose resistivity is about 10!” times 
greater than that of copper. Similarly, ordinary ta- 
ble salt is an excellent insulator. However, if we 
add a tablespoon of salt to a pail of water, the con- 
ductivity of the water increases dramatically. How 
can a liquid insulator and a solid insulator together 
produce a solution that conducts electricity? The 
following simplified explanation shows what hap- 
pens when salt and water are mixed. 

Each molecule of salt is composed of an atom 
of sodium (Na) and an atom of chlorine (Cl). In 
the presence of water, each molecule splits in two, 
to create a positive ion of sodium and a negative 
ion of chlorine. The sodium ion is simply an atom 
of sodium which has lost an electron, whereas the 
chlorine ion is an atom of chlorine which has one 
extra electron. These ions move about in random 
fashion within the water solution, very much like 
free electrons do inside a metal. Because the ions 
carry equal positive and negative charges, the solu- 
tion (called electrolyte) is itself electrically neutral 
(Fig. 5-15). 





Figure 5-16 Migration of ions. 
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If we immerse two electrodes in the solution 
and connect them to a battery, the positive and 
negative ions migrate slowly towards the electrode 
of opposite polarity (Fig. 5-16). As soon as a posi- 
tive sodium ion (Na) touches the negative plate, it 
captures a free electron from the plate and be- 
comes a neutral sodium atom. In the same way, 
when a negative chlorine ion (Cl) touches the pos- 
itive plate, it /oses its extra electron to the plate 
and becomes a neutral atom of chlorine. Thus, the 
positive electrode continually receives electrons 
while the negative electrode continually gives them 
up. An electric current is therefore set up in the 
circuit formed by the electrolyte, electrodes and 
battery. However, the current in the electrolyte is 
not an electron flow but rather a migration of pos- 
itive and negative ions which move respectively to 
the right and to the left. However, the current in 
the battery and the electrodes is a conventional 
electron current flow. 

The same phenomenon takes place in a solution 
of water and any other salt. A solution of water 
and an acid also produces the same effect. In each 
case, the resulting electrolyte is composed of posi- 
tive and negative ions, each representing an atom 
(or molecule) that has lost or gained one or more 
electrons. When current is made to pass through 
such a solution, a chemical reaction usually takes 
place at both electrodes. In effect, the atoms cre- 
ated when the ions are neutralized may react with 
the water or with the plate they touch. A gas is 
often released at one or both electrodes and some- 
times the plates simply dissolve. In other cases, the 
atoms adhere to the plate to produce a smooth 
coating whose thickness depends upon the dura- 
tion of current flow. This process is called electro- 
plating. 


Example 5-9: 

Two electrodes having a surface of 1.2 m? and 
spaced 10cm apart are plunged into sea water 
whose resistivity is 0.3 (2-m. If we connect a 12 V 
battery to the electrodes, calculate the approxi- 
mate value of the resulting current. 


Solution: 
The resistance of the electrolyte is: 
l 
R= Pq 
= 0.3x - = 0.025 QQ 


The current is J = E/R = 12/0.025 = 480A 

Note that even though the resistivity of salt 
water is twenty million times greater than that of 
copper, the current flow is still very large despite 
the relatively low voltage. 

Electrolytes play a crucial role in electric bat- 
teries and fuel cells. Consequently, the interest in 
these liquid conductors goes far beyond the simple 
question of resistance. 


MECHANICAL PROPERTIES OF CONDUCTORS 


So far, we have directed our attention to the elec- 
trical and thermal properties of conductors, but in 
some cases we also have to consider their mechani- 
cal properties. Mechanical strength, for example, 
plays an important role in transmission lines and in 
coil-winding operations. First, the tractive force 
must not exceed the breaking strength of the con- 
ductor. Second, we must prevent any excessive 
stretching, otherwise the conductor may not re- 
turn to its original length and shape when the ten- 
sion is removed. These two considerations require 
a knowledge of the forces which change the length 
of a conductor permanently. 


5-21 Tractive force and elongation 


Let us gradually increase the pull (or tractive force) 
F on a metallic conductor, while observing the 
change in length d (Fig. 5-17). We obtain a series 
of readings which can be shown in the form of a 
graph (Fig. 5-18). On this graph, we indicate three 
reference points, a, b, and c, corresponding respec- 
tively to tractive forces F’;, F>, and F'3. 

As we increase the force from zero to Fy, the 
wire stretches uniformly from zero to d,. During 
this straight portion oa of the curve, the increase 





Figure 5-17 A conductor stretches when 
subjected to a pull F. 


in length d is proportional to the tractive force, 
and the wire acts like a spring. It returns to its 
original shape when the tractive force is removed. 


For tractive forces greater than F’, but less than 
F,, the wire loses some of its elasticity and does 
not quite come back to its original length when 
the tension is removed. However, the permanent 
deformation is not serious enough to be important. 
The force f’, at point b corresponds to the yield 
strength of the conductor. In practice, we must 
keep the tractive force below this limit. 

If we raise the tractive force still more, the wire 
lengthens rapidly until we reach point ¢ situated at 
the top of the curve. This corresponds to the u/ti- 
mate strength of the conductor. Beyond point ec, 
even a smaller force than F3 may continue to 
stretch the conductor until it breaks. 

We can draw a force-elongation curve for any 
conductor, but the actual forces F’, and F’3 depend 
upon the type of metal and its cross section, and 
whether the conductor is hard-drawn or annealed. 
The shape of the curve also depends upon the op- 
erating temperature; the forces become smaller as 
the temperature increases. 


5-22 Elastic limit, yield strength 
and ultimate strength 


Referring to Figure 5-18, and assuming the con- 
ductor has a cross section A, we define three char- 
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Figure 5-18 Relationship between pull 
and increase in length. 


we 


acteristic ‘‘strengths’’” of the conductor material: 


elastic limit = F,/A (5-4) 
yield strength = F’,/A (5-5) 
ultimate strengtht = F3/A (5-6) 
percent elongation = d3/I (5-7) 
where 
F’,, Fy, F3 = tractive forces as defined in Figure 
5-18 [N] 


A = cross section of the material [m7] 
d3= increase in length at fracture [m] 
1 = original unstressed length [m] 


Manufacturers can usually supply information 
regarding elastic limit, yield strength, and tensile 
strength of various materials (in megapascals, 
(MPa), as well as the percent elongation. Referring 
to Table 5D, we note that the yield strength of 
annealed copper is 35 MPa and that the ultimate 
strength is 220 MPa. Furthermore, the wire 
stretches by 60 percent before rupturing. Table 5D 
also reveals the great difference between annealed 


* The technical term is ‘‘stress’’. 


t Ultimate strength is often called “‘tensile strength”’. 
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TABLE 5D MECHANICAL STRENGTH OF CONDUCTORS 
Conductor Yield Ultimate Elongation 
material strength strength 

; MPa MPa % 
pure aluminum 21 62 50 
annealed copper 35 220 60 
hard-drawn copper 410 470 14 
steel 1170 1300 15 





and hard-drawn copper. The first is used to wind 
coils while the second is usually found in aerial 
transmission lines. Finally, it is easy to understand 
why aluminum conductors used in transmission 
lines must be reinforced with a steel core: alumi- 
num alone does not have the strength to support 
itself over long spans. 


Example 5-8: 

a. Calculate the maximum pull we can exert on 
a #12 annealed copper wire without over- 
stretching it. 

b. What tractive force will cause the wire to 
break? 

c. If the wire has an initial length of 5 m, calcu- 
late the length when it breaks. (The cross 
section of #12 AWG wire is 3.31 mm.) 


Solution: 
a. The yield strength is 35 MPa; consequently: 
F, = (yield strength) x (cross section) 
(35 x 10°) x 3.31 x 10° = 116N 
b. The pull at the breaking point is: 

F3 = (ultimate strength) x (cross section) 
(220 x 10°) x 3.31 x 10° = 728N 
c. Because the elongation is 60 percent, the 

wire will lengthen by 5m x 60% = 3m be- 

fore it snaps. 


CONDUCTOR INSULATION 
5-23 Types of insulation 


Most conductors are insulated to prevent contact 
with other conductors, and to prevent short-circuits 
to ground. . 

Conductors used in electrical machines are 
often insulated with cotton, silk, or paper, and 
impregnated with special varnishes. These organic 
materials can tolerate moderate temperatures. To- 
day, however, we tend to use synthetic insulating 
materials for machines of medium and large power. 

Conductors that distribute electricity in houses 
and buildings are wrapped with flexible insulation, 
such as rubber, paper, cotton, cambric, and ther- 
moplastic products. These conductors must oper- 
ate at relatively low temperatures in order to en- 
sure long life. 

Conductors exposed to high temperatures, such 
as in electric stoves, must be covered with insu- 
lating materials having a mineral base. Glass, asbes- 
tos, porcelain, and mica can tolerate high tempera- 
tures without deteriorating appreciably. 


5-24 Thermal capacity of conductors 


Even the best conductors possess some resistance; 


consequently, they all heat up when they carry an 
electric current. The heat produced in insulated 
conductors must be transmitted through the insu- 
lating layers and finally dissipated to the sur- 
rounding air. The greater the current in the wire, 
the higher the temperature of the insulation will 
be. On the other hand, to ensure a reasonable life, 
the temperature of the insulation must not be too 
high. We therefore arrive at the following impor- 
tant conclusion: 

The maximum current an insulated wire can 
carry depends upon the maximum temperature its 
insulation can withstand, for an acceptable period 
of time. 

Although bare conductors present no insulation 
problem, we must still keep the current and tem- 
perature within reasonable limits. A high tempera- 
ture may produce excessive oxidation and flaking 
of the conductor and may represent a potential 
fire hazard for surrounding objects. 


5-25 National Electrical Code 
and electrical installations* 


The life expectancy of the electrical wiring in fac- 
tories, buildings and homes must be particularly 
long because we cannot afford to replace the con- 
ductors every ten years. For this reason, the 
National Electrical Code specifies rather low maxi- 
mum temperatures for wire and cable used in elec- 
trical installations. Depending on the type of insu- 
lation, the Code typically recognizes maximum 
temperatures of 60°C, 75°C, and 90°C. These are 
much lower than the maximum temperatures per- 
mitted in electrical apparatus using similar insu- 
lation. 

A conductor must ultimately dissipate its heat 
to the surrounding air and, in order to establish its 
current-carrying capacity, the electrical code speci- 
fies that the standard ambient temperature shall be 
30°C. Using this standard, and knowing the tem- 
perature rating of the particular insulation used, 


* The general remarks made in this section also apply to 
the Canadian Electrical Code. 
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wire manufacturers can specify the current- 
carrying capacity (ampacity) of their products. 
For example, a #6 wire whose insulation is rated 
at 60°C can carry a current of 80 A in free air at 
an ambient temperature of 30°C (Fig. 5-19). On 
the other hand, a #6 wire whose insulation is rated 
at 90°C can carry a current of 100 A under the 
same ambient conditions (Fig. 5-20). Both conduc- 
tors have the same life expectancy under the speci- 
fied conditions. 


60°C insulation ae 


80A 





60°C 
No. 6 wire 


Figure 5-19 A No. 6 conductor having 60°C insulation 
can carry 80 A. 


30°C 90°C insulation 





Figure 5-20 A No. 6 conductor having 90°C insulation 
can carry 100 A. 


Table 5E, taken in part from the National Elec- 
trical Code, gives an idea of the ampacities of 
various conductors in free air at an ambient tem- 
perature of 30°C. 

When several insulated conductors are placed in 
the same conduit, the heat dissipated by each raises 
the temperature of the others. The ampacity of 
each conductor must therefore be reduced as the 
number of conductors increases so as not to ex- 
ceed the maximum permissible temperature. For 
example, the National Electrical Code specifies 
that when three #6 conductors rated at 60°C are 
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TABLE 5E 


ALLOWABLE AMPACITIES FOR INSULATED CONDUCTORS, RATED 0-2000 V 
SINGLE CONDUCTORS IN FREE AIR, 
BASED ON AMBIENT TEMPERATURE OF 30°C 


SE SS EE ssa 


Temperature rating of insulation 


Gauge Number 60°C 90°C 200°C 
12 25 40 (25) 55 
10 40 55 (40) 75 
8 55 70 100 
6 | 80 100 135 
4 105 135 180 
2 140 180 240 
1/0 195 245 325 
3/0 260 330 430 
250 MCM 340 425 ~ 


ssa 


Note: The above values are derived from the National Electrical Code. The Canadian 
Electrical Code gives identical values except for those values shown in paren- 
thesis. 





Figure 5-21 
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placed in a conduit, the ampacity per conductor is 
only 55 A compared to 80 A when they are sus- 
pended separately in free air. 


5-26 Comparison of various conductors 


The various cables shown in Figures 5-21 to 5-28 
illustrate how their construction is affected by 
voltage rating, type of conductor and application. 
The cross sections are shown full-size so that the 
reader can visualize the actual physical dimensions 
of the cables. A detailed examination of these fig- 
ures reveals the following information: 


Figures 5-22a and 5-22b: 

For the same size conductor, an increase in the 
voltage rating from 5 kV to 30 kV requires more 
insulation, therefore a larger cable. However, the 
ampacity is only slightly reduced. 


Figures 5-22b and 5-22c: 
A 30 kV cable with a 250 MCM aluminum conduc- 
tor has an ampacity of 343 A; a similar cable made 








(b) 
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of copper can carry 440 A. 


Figures 5-22b and 5-23: 

A 30 kV cable composed of three 250 MCM cop- 
per conductors has an ampacity of 359 A per con- 
ductor as compared with 440 A for a single con- 
ductor. 


Figures 5-24a and 5-24b: 

For the same voltage rating (600 V), a type R90 
cross-linked polyethylene insulation is thinner 
than a standard-type RW60 insulation. Conse- 
quently, the ampacity of the conductor is also 
greater (425 A versus 340 A). However, the higher 
current rating is principally due to the 90°C versus 
the 60 C rating of the two insulating materials. 


Figures 5-23 and 5-25: 

The oil-cooled submarine cable rated at 138 kV, 
630 A is no bigger than a standard 3-phase, 30 kV, 
359 A cable, despite the fact that it is protected 
by a heavy steel wire sheath and carries almost five 
times as much power. 





Figure 5-22 Ampacity in free air of three different conductors having a cross section of 250 MCM (full size). 


(a) Copper: 5 kV, 444 A. 
(b) Copper: 30 kV, 440 A. 
(c) Aluminum: 30 kV, 343 A. 
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Figure 5-23 Three-phase cable composed of three 250 MCM conductors (full size) made of copper (30 kV, 359 A); 
ambient temperature, 40°C; maximum conductor temperature 90°C, 





(a) (b) 


Figure 5-24 Conductors insulated for 600 V, using different insulation. 
(a) Copper: RW 60; 600 V; 340 A. 
(b) Copper: R 90; 600 V, 425 A. 
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Figure 5-25 Cross section view of a submarine cable (138 kV, 630 A). This cable is one of seven cables submerged in 
Long Island Sound between Northport (Long Island) and Norwalk (Connecticut). (Pire/li Cables Limited). 





Figure 5-26 Cable for use in a mine, to feed a submersible pump. It is composed of 3 power conductors (No. 6, 133 strands), 
2 control conductors (No. 10, 104 strands) and one grounding conductor (No. 8, 133 strands). 


Figure 5-27 Ultra-flexible 600 A, 250 MCM conductor for arc welding (No. 34, 6834 strands-polyethylene sheath). 
Figure 5-28 Single-conductor cable (250 MCM, 425 A) with copper sheath ground return, for use in hot locations (250°C). 
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QUESTION AND PROBLEMS 


Practical level 


5-1 


5-2 


5-3 


5-4 


5-5 
5-6 


5-/ 


5-8 


5-9 


5-10 


5-11 


5 


5-13 


5-14 


5-15 


5-16 


5-17 
5-18 


5-19 


Why can a conductor insulated with asbestos 
carry a larger current than one insulated 
with rubber? 

What is a circular mil? 

Upon what does the resistance of a round 
conductor depend? 

Does the resistance of copper diminish with 
temperature? 

What is meant by the term 500 MCM? 

What determines the ampacity of a bare 
wire? of an insulated wire? 

Why is aluminum seldom used in electrical 
machines? 

When several insulated conductors are placed 
in the same conduit, the individual ampacity 
is less than that of a single conductor. Why? 
What determines the insulation thickness of 
a conductor? 

Why do we sometimes prefer to use a #10 
stranded wire instead of a #10 solid wire? 

If a #12 stranded wire is replaced by a #12 
solid wire, does the resistance change? 
Explain what is meant by elastic limit, yield 
strength and tensile strength. 

ls a #10 AWG wire smaller than a #20 
AWG? What is the cross section of these 
wires in cmils? 

A motor is wound using two #12 wires in 
parallel. What is the size of the single wire 
that could replace them? 

A cable is composed of four #16 AWG wires. 
What is its gauge size? 

Calculate the resistance of 210m of #14 
wire at a temperature of 25°C. (Use the 
values given in Table 5A). 

Express 500 MCM in mm”. 

Does a #4 square wire have a larger cross 
section than a #4 round wire? If so, by how 
much? 

We have to select a cable capable of carrying 
a current of 95 A. What is the minimum size 


5-20 


required, if the insulation is rated for 60°C? 
(See Table 5E). 

Explain what is meant by an ion; by an elec- 
trolyte. 


Intermediate level 


5-21 


5-22 


5-23 


5-24 


5-25 


5-26 


5-27 


5-28 


A round conductor has a diameter of 0.0172 

inches. Calculate its cross section in cmils. 

A coil wound with #22 AWG wire has a re- 

sistance of 4009 at 25°C. Calculate the 

length of the wire and the weight of the coil. 

(Use the values given in Table 5A). 

Using Table 5A and the rules which apply to 

the AWG system, determine the cross sec- 

tion in circular mils of #43 and #48 wires. 

A coil made of copper wire has a resistance 

of 25 Q when immersed in ice water (0°C). 

What would its resistance be in boiling water 

(100°C)? Assume the temperature coeffi- 

cient is 0.004/°C. 

A transmission line composed of two #4 

copper wires has a length of 800 m. Calcu- 

late: 

a. the total resistance of the line at 25°C. 

b. the losses in the line if the current is 
120 A. | 

Using Eq. 5-1, calculate the resistance of 

1500 m of #6 aluminum wire at a tempera- 

ture of 38°C. (See Tables 5A and 5B). 

What is the maximum pull we can safely 

exert on a #40 copper wire (annealed) with- 

out overstretching it? What force would 

cause the wire to break? 

Compare the electric power which each of 

the three cables of Figure 5-22 can carry. 


Advanced level 


0-29 


5-30 


A wire made of lead has a length of 2 km 
and a diameter of 2 mm. Calculate its resis- 
tance at a temperature of 130°C. 

Referring to the 3-phase cable shown in Fig- 
ure 5-23, calculate the maximum tractive 
force it can tolerate without stretching ex- 


5-31 


5-32 


cessively when it is pulled through an under- 
ground duct. What tractive force might cause 
it to break? 

The coil of an electromagnet, made of cop- 
per wire, has a resistance of 4 {2 at a temper- 
ature of 22°C. After operating for 2 days, 
the coil current is 42 A at a terminal voltage 
of 210 V. Calculate the average temperature 
of the coil at that time. 

The resistivity of dry sand (and of granite) is 
about 1000 Q-m. Calculate the resistance 
(between opposite faces) of a cube of this 


5-33 


5-34 
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material having dimensions 10m x 10m x 
10 m. 

A 3-phase 15kV, 750MCM, 90°C cable, 
similar to the one shown in Figure 5-23 can 
carry a current of 545 A when laid in a con- 
duit. Each conductor is composed of 61 
strands of copper. Calculate: 

a. the diameter of each strand; 

b. the heat dissipated (in W/km) at 90°C. 

In Problem 33, if the conductors are made 
of aluminum, what maximum current can 
each conductor carry without exceeding the 
maximum permissible temperature limits? 





MAGNETIC 
MATERIALS AND 
PERMANENT 
MAGNETS 


Many magnetic materials are available to the elec- 
trical equipment designer. They are the outcome 
of years of research in metallurgy in which certain 
magnetic properties were enhanced and others sup- 
pressed, depending upon the particular application. 

In this chapter, we cover the basic properties of 
magnetic materials when they are subjected to dc 
and ac fields. We also include permanent magnets 
because of their commercial importance, and be- 
cause their behavior is a logical extension of the 
properties of all magnetic materials. 
6-1 8-H saturation curves 
We discussed the B-H curves of several materials in 
Sections 2-20 to 2-23..We now add Figure 6-1 to 
show even a broader range. Owing to its logarith- 
mic scale, the figure includes the B-H curves of the 
most permeable materials known to the least per- 
meable of all, a vacuum. 

As the magnetic field intensity increases, the 
relative permeability of all magnetic materials falls, 
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in accordance with Eq. 2-10: 


Ur, = 800 000 B/H Eq. 2-10 
However, the permeability can never be less than 
1. This is why all the B-H curves in Figure 6-1 ulti- 
mately follow the B-H curve of a vacuum when the 
magnetic field intensity H is high enough. 


6-2 Saturation density 


As we increase H/ in a magnetic material, more and 
more domains line up. We ultimately reach a state 
where a// the domains are oriented in the same di- 
rection. The flux density at which this occurs is ' 
called the saturation flux density. \f we increase H 
beyond this point, the flux density continues to 
rise, but only at a rate corresponding to the B-H 
curve of a vacuum. The reason is that the domains 
cannot contribute any further increase in B once 
they are totally lined up. 

The saturation flux density for most magnetic 
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Figure 6-1 Saturation curves of magnetic and non magnetic materials. Note that all curves 


become asymptotic to the B-H curve of a vacuum when #/ is high. 


materials is about 2 T. 
6-3 Other magnetic properties 


The B-H curve tells us how a magnetic material 
behaves as we increase H, beginning with the un- 
magnetized state. This information is useful when 
we deal with dc magnets and the dc fields of ro- 
tating machines. However, magnetic materials are 
often subjected to alternating fields. Under these 
conditions, the relationship between B and f is 


quite different from that given in Figure 6-1. Fur- 
thermore, the properties of permanent magnets 
cannot be explained with such a B-H curve. Conse- 
quently, we now direct our attention to the more 
general behavior of magnetic materials. 2 


6-4 Residual flux density and coercive force 
Consider the coil of Figure 6-2 which surrounds a 


magnetic material bent in the shape of aring. The 
coil carries a current whose value and direction can 
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be changed at will. Starting from zero, we gradually 
increase /, so that H and B increase. This increase 
follows curve oa of Figure 6-3. The flux density 
reaches a value Bry for a magnetic field Hm. 






current 
SOUICE 





Figure 6-2 Method of determining the B-H 
properties of a magnetic material. 


ee 


—_ magnetic field intensity H 


coercive 
force 


Figure 6-3 Residual induction and coercive force. 


If the current is now gradually reduced to zero, 
the flux density B does not follow the original 
curve, but moves along a curve ab situated above 
oa. In effect, as we reduce the field intensity, the 
domains that were lined up under the influence of 
field Hp tend to retain their original orientation. 
This phenomenon is called hysteresis. Consequent- 
ly, when # is zero, a substantial flux density 


remains. It is called residual flux density or residual 
induction (B,). 

If we wish to eliminate this residual flux, we 
have to reverse the current in the coil and gradual- 
ly increase H in the opposite direction. As we do 
so, we move along curve be. The domains gradually 
change their previous orientation, until the flux 
density becomes zero at point c. The magnetic 
field required to reduce the flux to zero is called 
coercive force (H¢). 

In reducing the flux density from By to zero, 
we also have to furnish energy. This energy is used 
to overcome the ‘‘frictional’’ resistance of the do- 
mains as they oppose the change in orientation. 
The energy supplied is dissipated as heat in the 
material. In effect, if we had a very sensitive ther- 
mometer, it would indicate a slight temperature 
rise as we demagnetize the ring. 

We can prove that the energy required to de- 
Magnetize a cubic meter of material is exactly 
equal to the cross-hatched area under curve be. 
For example, if area (Fig. 6-3) is equal to 72 tesla- 
amperes per meter, we have to furnish 72 J/m? to 
force the flux to zero. For a “soft’’ material such 
as the steel used in transformer cores, the energy 
required is rather small: of the order of 10 J/m?. 
But for “‘hard’’ materials, such as Alnico, the ener- 
gy is about 50 000 J/m*. It is precisely this high 
energy which distinguishes permanent magnet ma- 
terials from other magnetic materials. Materials 
used in the manufacture of permanent magnets 
should have both a high By and a large H¢ so that 
the required demagnetizing energy is as great as 
possible. 


6-5 Hysteresis loop ; 

Transformers and most electric motors operate on 
alternating current. In such devices, the flux in the 
iron changes continuously both in value and direc- 
tion. The domains are therefore oriented first in 
one direction, then the other, at a rate that de- 
pends upon the frequency. Thus, if the flux has a 
frequency of 60 Hz, the domains describe a com- 
plete cycle every 1/60 of a second, passing succes- 
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sively through peak densities + By, and - Bm as 
the peak magnetic field alternates between + Hm 
and - Hm. If we draw the flux density B as a func- 
tion of H, we obtain a closed curve called a hyster- 
esis loop (Fig. 6-4). The residual induction By and 
coercive force H_. have the same significance as be- 
fore. 








Figure 6-4 Hysteresis loop. 


6-6 Hysteresis loss 


In describing a hysteresis loop, the flux moves 
successively from + By, + By, 0,- Bm, - Br, 0 and 
+ Bry, corresponding respectively to points a, b, c, 
d, e, f, and a, of Figure 6-4. The magnetic material 
absorbs energy during each cycle and this energy is 
dissipated as heat. We can prove that the amount 
of heat released (expressed in J/m°) is equal to the 
area of the hysteresis loop. 


Example 6-1: 


A magnetic core made of Deltamax® has the rect- 
angular hysteresis loop shown in Figure 6-5. If the 
core has a length of 20 cm and a cross section of 
6 cm’, calculate the hysteresis loss at a frequency 


of 400 Hz. 


Solution: 
Volume of core is: 
V = 20x6 =120cm> = 0.012 m° 
Area of hysteresis loop is: 
A = (1.2x20)x4 = 96T-A/m = 96 J/m° 
Energy loss per cycle is: 
W = 96x0.012 = 1.152 J 





24 joules 


A/m 


Figure 6-5 Hysteresis loop of Example 6-1. 


Energy loss per second is: 

P = 1.152 x 400 = 461 J/s 
Hysteresis loss is: | 

P = 461W 

To reduce hysteresis losses, we select magnetic 
materials having a narrow hysteresis loop, such as 
the grain-oriented steel used in the cores of alter- 
nating-current transformers. 


6-7 Hysteresis losses caused by rotation 


Hysteresis losses are also produced when a piece of 
iron rotates in a constant magnetic field. Consider, 
for example, an iron armature AB that revolves in 
a field created by permanent magnets N, S (Fig. 
6-6). The domains in the armature tend to line up 
with the magnetic field, irrespective of the posi- 
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tion of the armature. Consequently, as the arma- 
ture rotates, the N poles of the domains point first 
towards A and then towards B. A complete rever- 
sal occurs therefore every half revolution, as can 
be seen in Figures 6-6a and 6-6b. Consequently, 
the domains in the armature reverse periodically, 


rotation 


armature 





Figure 6-6 Hysteresis losses due to rotation. 


even though the magnetic field is constant. Hyster- 
esis losses are produced, just as they are in an ac 
magnetic field. 


6-8 Eddy currents 


Consider an ac flux ® that links a rectangular- 
shaped conductor (Fig. 6-7). According to Fara- 
day’s law, an ac voltage EF, is induced across its 
terminals. 

If the conductor is short-circuited, a heavy ac 
current J; will flow, causing the conductor to heat 
up. If a second conductor is placed inside the first, 
a smaller voltage is induced because it links a 


smaller flux. Consequently, the short-circuit cur-— 


rent /, is less than J, and so, too, is the dissipated 
power. Figure 6-8 shows four such concentric con- 
ductors carrying currents J,, />, 3, [4. The currents 
are progressively smaller as the conductor area 
surrounding the flux decreases. 





conductor 


Figure 6-7 An ac flux ® induces voltage Eas 





Figure 6-8 Concentric conductors carry 
ac currents due to ac flux ®. 


eddy currents metal plate 





Figure 6-9 Large ac eddy currents are 
induced in a solid plate. 


In Figure 6-9, the ac flux passes through a solid 
metal plate. It is basically equivalent to a whole 
series of rectangular conductors touching each 
other. Currents swirl back and forth inside the 
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plate, following the paths shown in Figure 6-9. 
These so-called eddy currents (or Foucault cur- 
rents) can be very large owing to the low resistance 
of the plate. Consequently, a metal plate that is 
pierced by an ac flux can become very hot. In this 
regard, special care has to be taken in transformers 
so that stray leakage fluxes do not cause sections 
of the enclosing tank to overheat. 


coil carrying an ac Current 





iron core 


eddy 
currents 





Figure 6-11 Eddy currents are reduced 
by splitting the core in half. 


“nn, ac TUX 


™ 3 





eddy current in 
one lamination 


Figure 6-12 Core built up of thin, insulated laminations. 


6-9 Eddy currents in a stationary iron core 


The eddy current problem becomes crucially im- 
portant when iron has to carry an ac flux. This is 
the case in all ac motors and transformers. Figure 
6-10 shows a coil carrying an ac current which 
produces an ac flux in a solid iron core. Eddy cur- 
rents are set up as shown, and they flow through- 
out the entire length of the core. A large core 
could eventually become red hot (even at a fre- 
quency of 60 Hz) owing to the tremendous J7R 
losses. 

We can reduce the losses by splitting the core in 
two along its length, taking care to insulate the 
two sections from each other (Fig. 6-11). The volt- 
age induced in each section is one-half of what it 
was before, with the result that the eddy currents, 
and the corresponding losses, are considerably re- 
duced. 

If we continue to subdivide the core, we find 
that the losses decrease progressively. In practice, 
the core is composed of stacked laminations, usu- 
ally a fraction of a millimeter thick. Furthermore, 
3 to 4 percent silicon is added to increase the resis- 
tivity of the steel, thereby reducing the losses still 
more (Fig. 6-12). 

The cores of ac motors and generators are 
therefore always laminated. A thin coating of insu- 
lation covers each lamination to prevent electrical 
contact between them. The laminations are 
stacked on top of each other and are tightly held 
in place by bolts and appropriate end-pieces. 

The eddy current losses are given by: 


where 
P = eddy current losses [W] 
k = constant depending upon the lamination 
thickness and the resistivity [typical val- 
ues: 10* to 8 x 107] 
= peak flux density in the core [T] 
frequency of the ac flux [Hz] 
= mass of iron which carries the flux [kg] 


SH 
I 
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Example 6-2: 

Calculate the eddy current loss in a transformer 
core weighing 150 kg if the peak flux density is 
1.6 T at a frequency of 60 Hz. Take k = 1.3 x 107. 


Solution: 
P = kB*f*m 
= 1.3x 10*x 1.6? x 60? x 150 = 180 W 


6-10 Eddy current losses in a revolving core 


The stationary field in direct current motors and 
generators produces a constant dc flux. This con- 
stant flux induces eddy currents in the revolving 
armature. To understand how they are induced, 
consider a solid cylindrical iron core that revolves 
between the poles of a magnet (Fig. 6-13). As it 
turns, the core cuts flux lines and, according to 
Faraday’s law, a voltage is induced along its length 
having the polarities shown. Owing to this voltage, 


rotation 





(a) 


large eddy currents flow in the core because its 
resistance is very low. These eddy currents prod- 
uce large J?R losses which are immediately con- 
verted into heat. The power loss is proportional to 
the square of the speed and the square of the flux 
density. 

To reduce the eddy current losses, we laminate 
the armature as we do in the case of a stationary 
core. The laminations are tightly stacked with the 
flat side running parallel to the flux lines (Fig. 
6-14). 


6-11 Total iron losses 


No losses are produced in a core that carries a con- 
stant flux. For example, if an electromagnet carries 
a dc current, copper losses are produced in the 
winding, but there are no iron losses at all. 

On the other hand, hysteresis and eddy current 
losses are produced in iron whenever the flux 





eddy currents 


(b) 


Figure 6-13 (a) Voltage induced in a revolving armature and (b) resulting eddy currents. 


lamination 












lamination 


eddy 
currents 


insulation 


(b) 


Figure 6-14 (a) Armature built up of thin laminations and (b) resulting eddy currents. 
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varies in magnitude or in direction. | 

Because the total losses depend upon several 
factors, such as frequency, flux density, thickness 
and quality, manufacturers of steel laminations 
usually show the losses by means ofa set of curves. 
Thus, Figure 6-15 shows the losses as a function of 
flux density for various types of laminations at a 
frequency of 60 Hz. The losses include both hys- 
teresis and eddy current losses. 


affected by changes in lamination thickness. 


6-12 Apparent power in iron 


When an iron core carries an ac flux, it absorbs 
both active and reactive power. The active power 
supplies the hysteresis and eddy current losses, 
while the reactive power creates the ac flux. Con- 
sequently, the apparent power needed to excite an 
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Figure 6-15 Typical iron losses in laminations operating at 60 Hz. 


Low cost, type M-36 silicon-iron laminations 
are used in small armatures, whereas high-quality, 
type M-14 laminations are used in large rotating 
machines and transformers where high efficiency Is 
essential. Note that for a given flux density, thin 
laminations (0.35 mm) produce — substantially 
smaller losses than thicker laminations (0.56 mm) 
do. This decrease is entirely due to lower eddy 
current losses because hysteresis losses are not 


iron core is given by: 


S = VP?+Q? (6-2) 


where 
S. = apparent power to excite the core 
[VA/kg] 
FP hysteresis and eddy current losses [W/kg] 
Q = reactive power to create the flux [var/kg] 
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Figure 6-16 gives typical curves for a high-quali- 
ty type M-6 grain-oriented steel used in transform- 
ers. Note that the apparent core loss S increases 
very rapidly when the flux density exceeds 1.6 T. 
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6-13 Hysteresis and permanent magnets 


We have already seen that randomly oriented do- 
mains in a magnetic material tend to resist lining 
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Figure 6-16 Core loss and apparent core loss in type M-7, 0.35 mm grain-oriented 
steel laminations containing 3 percent silicon. 


Example 6-3: 

A transformer core, composed of type M-6 lamina- 
tions, has a mass of 150 kg. The flux alternates at 
a frequency of 60 Hz and the peak flux density is 
1.6 T. Calculate the core loss and the apparent 
power needed to excite the core. 


Solution: 
Referring to Figure 6-16, the respective losses are: 
a. core loss = 1.8 W/kg 
b. apparent core loss = 3.7 VA/kg 
The total core loss is: 
P = 1.8x 150 = 270W 
The apparent power to excite the core is: 
S = 3.7x 150 = 555 VA 


up under the influence of an external magnetic 
field. However, once the domains are oriented, 
they try to stay in line, and again oppose further 
change to their orderly arrangement. This inherent 
opposition to change in domain orientation is 
called hysteresis. It is a property all magnetic ma- 
terials possess to a greater or lesser degree. Al- 
though hysteresis produces losses when magnetic 
materials carry an ac flux, it also enables us to 
create permanent magnets. 

Modern permanent magnets produce very 
strong magnetomotive forces so that they are 
often smaller than electromagnets of equal 
strength. Because no energy is required to sustain 
the magnetic field, permanent magnets enable us 
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to manufacture devices having high efficiency and 
relatively small dimensions. 


6-14 Magnetic energy stored in air 


The “‘strength’’ of a permanent magnet depends 
exclusively upon the amount of energy it can store 
In its external magnetic field. It is therefore impor- 
tant to know how to calculate the energy. 


magnetic 
material 





6-15 Magnetic energy in a magnetic material 


Surprising as it may seem, the energy stored in a 
Magnetic material is usually much smaller than 
that in an air gap, even if the flux is the same. The 
reason is that the mmf needed to produce a given 
flux in a magnetic material is always very small 
owing to its excellent permeability. Consequently, 
in a magnetic circuit, we can usually neglect the 
energy in the iron compared to that in air. 


internal 


. reluctance 
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x. external 


reluctance 
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Figure 6-17 Electromagnet (a) and the equivalent magnetic circuit (b). 


Consider a standard electromagnet that pro- 
duces a constant flux ® in air (Fig. 6-17). The de 
coil develops a mmf given by U, = NI.* However, 
the effective mmf U acting across the air gap is less 
than Ue owing to the magnetic potential drop Uj 
in the iron core. Thus, according to Sec. 2-19 


U = U.-U; (6-3) 


It can be proven that the magnetic energy stored 
in the air is given by: 


(6-4) 





W = magnetic energy in the air gap [J] 

U = difference of magnetic potential across 
the air gap [A] 

® = flux in the air gap [Wb] 


6-16 Basic principle of a permanent magnet 


Let us magnetize an iron rod by placing it inside a 
coil that develops a powerful mmf. Upon removing 
the rod, we discover that the rod itself produces a 
weak magnetic field, enabling it to pick up small 
tacks and iron filings. However, to produce such a 
field, the rod must develop a mmf of some kind. 
Because there is no coil, this mmf can only come 
from the domain structure within the iron rod it- 
self. In turn, the magnetomotive forces produced 
by the individual domains are due to electron spin 
at the atomic level. In effect, the sum total of all 
the electron spins produces an internal mmf Ue. 
This mmf produces a flux ®, whose value depends 
upon the internal reluctance of the rod and the 


* U is the recognized ISO symbol for magnetic potential 
difference. 
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external reluctance of the magnetic circuit. If we 
assume an internal magnetic potential drop Uj in- 
side the iron rod, we obtain an external mmf U 
given by: 

U = Ue-YU; 


The equivalent circuit of this so-called perma- 
nent magnet is shown in Figure 6-18b. Comparing 
it with a standard electromagnet, we find that the 
two have the same equivalent circuit (see Figs. 
6-17b and 6-18b). 


permanent 
magnet 
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6-17 Strength of a permanent magnet 


Consider a permanent magnet having a length / and 
a cress section A. It produces a flux ® and an ex- 
ternal mmf U. Because the external magnetic cir- 
cuit is air, the energy stored in the magnetic field 
is given by Eq. (6-4): 


Eq. 6-4 


Flux ® is equal to the product of the flux density 





(b) 


Figure 6-18 Permanent magnet (a) and the equivalent magnetic circuit (b). 


This brings us to an important conclusion: per- 
manent magnets are similar to ordinary electro- 
magnets. There is one important difference, how- 
ever. Whereas with a coil we know exactly what 
the driving mmf Ug is, we cannot measure the driv- 
ing mmf Ue of a permanent magnet, nor can we 
isolate its internal potential drop U;. However, this 
does not matter as long as we know the value of 
the external mmf U developed by the magnet. For- 
tunately, this is a quantity we can easily measure. 
From a practical standpoint, if we know the rela- 
tionship between U and ©®, we can solve any cir- 
cuit involving permanent magnets. 

This is not to say that what goes on inside a 
magnet is unimportant. Such a conclusion would 
be false because most improvements in permanent 
magnet have been made precisely by looking “‘in- 
side.’ However, from an application standpoint, it 
is the external features U and ® that are important. 


B in the magnet and its cross section A: 


® = BA (6-5) 


Furthermore, the mmf U developed by the magnet 
is equal to the product of the magnetic field inten- 
sity it produces and the length / of the magnet: 


U = Hl (6-6) 


If we substitute Eqs. 6-5 and 6-6 in Eq. 6-4, we 
obtain the important relationship: 


W = BHAI/2 


(6-7) 
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In the above equations: 


® = flux in the air [Wb] 

B = flux density in the magnet [T] 

HT = magnetic field intensity produced by the 
magnet [A/m] 

A = cross section of the magnet [m7] 

1 = length of the magnet [m] 

V = volume of the magnet [m>] 


Equation 6-7 leads us to the important conclu- 
sion that the energy stored in an external field is 
proportional (a) to the volume of the magnet and 
(b) to the product BH of the material of which it 
is made. 


Magnetic Residual Coercive 
material induction force 
B, (teslas) He (kA/m) 

Alnico V 1 52 
Arnox® 0.3 200 
Carbon steel 0.85 4 

Soft iron 0.7 0.06 
Transformer steel 13 0.008 


Recoma® 





kA/m 200 
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6-18 3-H relationship 


Figure 6-19 shows the typical B-H curves of three 
permanent magnet materials. Carbon steel has an 
acceptable residual induction, but its coercive 
force is very small. On the other hand, Indox® 
produces a low B;, but a very high He. Alnico V 
produces both a high B; and a strong He. 

The residual flux density By is that obtained 
when the material forms a closed magnetic circuit. 
However, a flux imprisoned inside a solid is useless: 
to make it accessible, we have to open up an air 
gap. In order to see what happens under these con- 
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Figure 6-19 Typical characteristics of permanent magnet materials. 


The values of B and A are a property of the 
magnetic material itself. They can be read off the 
be portion of the hysteresis loop shown in Figure 
6-3. 


ditions, let us start with a closed magnetized ring 
of Alnico V and gradually pry it open until it be- 
comes a straight bar. The .air gap starts therefore 
from zero and increases progressively until the 
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magnet is straight. As the length of the gap in- 


creases, the flux density in the magnet decreases 
gradually, following the B-H curve of Figure 6-20. 
This curve is identical to the original Alnico V 
curve given in Figure 6-19. The maximum gap Is 





Hwy 


Figure 6-20 Effect of an increasing air gap 
on a permanent magnet. 


obtained when the magnet is completely straight- 
ened out (point 4). If we want to reduce B still 
more, we have to add a counter mmf using an ex- 
ternal coil (point 5). 

For every value of B, the magnet produces a 
corresponding magnetic field H. For example, re- 
ferring to Figure 6-20, we obtain the following 
typical values: 


B 1.3 1.0 0.2 [T] 
A 0 40 50 [kA/m] 


Knowing the dimensions of the magnet and the 
values of B and H, we can readily calculate the 
flux and the mmf the magnet produces. In effect, 
flux ® = B x (cross section of the magnet) and U = 
AT x (length of the magnet). 


Example 6-4: 

A permanent magnet made of Alnico V has the 
dimensions given in Figure 6-21. The pole pieces 
are made of soft iron and the flux in the air gap Is 


16 mWb. Calculate: 
a. the flux density in the magnet 
b. the flux density in the air gap 
c. the mmf developed by the magnet 
d. the energy in the air gap 





© = 16 mWb 


Figure 6-21 Permanent magnet of Example 6-4. 


Solution: 
a. The flux density in the magnet is: 
16 mWb 16x 10° 


Bee 100 mm x 160mm _ 0.1 woe 


b. The flux density in the air gap Is: 


16mWb __—_ 16x 10 


rr, =1.6T 
100 mmx 100mm _ 0.1 x 0.1 


B= 
Note that the density in the air gap is even 
greater than the residual flux density (1.3 T). 
We obtain this result by simply reducing the 
cross section of the poles facing the air gap. 

c. Referring to the B-H curve of Alnico V, we 
note that H = 40 kA/m when B = 1 T. Be- 
cause the magnet has a length of 200 mm, it 

~ develops a mmf: 

U = 40 kA/m x 0.2m 

= 8000 amperes, or 8000 ampere turns 
This mmf forces the flux through the iron 
pole pieces and across the air gap. Because 
iron has a high permeability, the magnetic 
potential drop is negligible, and most of the 
mmf is available to produce the flux in the 
air gap. 

d. The energy in the air gap is given by Eq. 6-4: 
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1 
W= -—U® 
2 
1 16. 
= 9 X 8000 x a AAG 64 J 


We could manufacture an electromagnet of equal 
strength by replacing the permanent magnet 
by an iron slug and winding a 1000-turn coil on 
top of it, carrying a current of 8A (Fig. 6-22). 
Needless to say, such an electromagnet is both 
larger and more costly than the permanent magnet 
arrangement. 






1000 turns 


soft iron 
pole piece 


®= 16 mWb 


Figure 6-22 Electromagnet having the same strength. 


6-19 Energy product 


In most practical applications of permanent mag- 
nets, we have to produce a given flux ® in an air 
gap of given length. These two requirements auto- 
matically establish the energy W of the magnetic 
field. The question then arises, how big a magnet 
do we need to create the energy required? Equa- 
tion (6-7) provides the clue. If we rewrite it, we 
obtain: 


(6-8) 





For a given energy W, we are naturally interested 
in using the least amount of magnetic material V. 
Consequently, the product BH should be as large 
as possible. This product is equal to the area of the 
rectangle shown in Figure 6-23. As we move along 
the curve, there is obviously one point (Bq, Hq) 


where the rectangle has the largest area. The cor- 
responding BgHg product is called energy product 
of the magnetic material. 

Once we have selected a given magnetic mate- 
rial, we always design the magnetic circuit so that 
the flux density in the material is Bg. This also 
fixes the value of Hg, with the result that the 
amount of material is automatically minimized. 

The energy product is an important way of 
comparing the relative merits of one magnetic ma- 
terial over another. In effect, the higher the energy 
product, the smaller the magnet will be. For exam- 
ple, the energy product of Alnico V is 40 kJ/m3 
whereas that of carbon steel (used in permanent 
magnets before 1935) is 1.2 kJ/m?®. Finally, it is 
easy to see why silicon steel is never used for per- 
manent. magnets; its energy product is only . 
0.005 kJ/m?, 


6-20 Types of permanent magnets 


To manufacture powerful permanent magnets, we 
use various alloys made of iron, aluminum, cobalt, 
copper, platinum yttrium, oxygen, carbon, etc. 
Magnets having a metallic base have been used for 
many years. Carbon steel (1% carbon, 0.5% manga- 
nese, 98.5% iron) has been replaced by alloys such 
as Alnico V (8% aluminum, 14% nickel, 24% 
cobalt, 3% copper, 51% iron). A permanent mag- 
net made of Alnico V is almost 30 times smaller 
than one made of carbon-steel. 


Bg,Hqa 


Area = Bm Hm 





Hm 


Figure 6-23 Energy product = Bq x Hg. 
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Alnico was discovered in 1932 by the Japanese 
physicist |. Mishima. This invention revolutionized 
the industry of magnetic devices because, for the 
first time, it enabled the manufacture of perma- 
nent magnets that were smaller than electromag- 
nets of equal strength. Alnico is extremely hard 
and brittle; it can only be shaped by grinding the 
cast parts. 

Ceramic magnets constitute another class of 
magnets that are much lighter and have resistivities 
equivalent to that of good insulators. Known by 
trade names such as Indox®, Arnox®, Vectolite®, 
and Ferroxdure®, these magnets are essentially 
ferrites composed of an alloy of ferric oxide 
(Fe,03), of barium oxide (BaO)6(Fe, 03), or ox- 
ides of zinc, cobalt, etc. Ceramic magnets have a 
lower By than Alnico has, but they develop much 
higher coercive forces. Consequently, the energy 
product of ceramic magnets is of the same order 
magnitude (Fig. 6-19). Ceramic magnets are used 
in the pole pieces of dc motors, in door-sealing 
magnetic rubber strips, and in the manufacture of 
magnetic tapes. 

Rare-earth magnetic materials such as Recoma® 
have also been developed, that yield energy prod- 
ucts almost three times that of Alnico. 


6-21 Magnetizing and demagnetizing a magnet 


To magnetize a permanent magnet, we place it ina 
very strong magnetic field. The domains line up 
almost at once so that the field has to be applied 
for only a few milliseconds. This short magnetizing 
period enables us to use a relatively small conduc- 
tor to carry enormous currents (up to 200 000 A). 
The magnet is excited by a coil consisting of a sin- 
gle turn of wire (Fig. 6-24). A soft iron keeper en- 
sures that the entire mmf developed by the coil is 
exerted on the magnet. 

To demagnetize a permanent magnet, we place 
it in a strong ac field and gradually reduce the field 
to zero. In a manner similar to that of Fig. 6-24, 
we can use a single turn of wire carrying a high ac 
current, which is gradually reduced to zero. 


permanent 





soft iron keeper 


Figure 6-24 Magnetizing a permanent magnet. 


cross section A 





Figure 6-25 F = 400 000 B7A. 


6-22 Change of magnetic field with time, 
Curie point 


The magnetic fields produced by modern perma- 
nent magnets are very stable. Although any per- 
manent magnet will tend to lose its strength with 
time, the fall-off is very slow and practically im- 
perceptible. For example, a magnet made of Alnico 
V will retain 99 percent of its original strength 
after 100 years of use. By using special methods, 
we can stabilize the magnet even more. The now- 
obsolete carbon-steel magnets lost their magnetism 
much more quickly and so they had to be remag- 
netized periodically. 

Temperature also plays an important part. As it 
increases, the flux density gradually decreases and, 
at a critical temperature called the Curie point, all 
magnetic materials lose their permeability as well 
as their permanent magnet properties. In effect, 
high temperatures produce intense atomic vibra- 
tions which destroy the orientation of the magnet- 
ic domains. The Curie point temperature depends 
upon the material, but usually lies between 700°C 
and 900°C. 
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6-23 Magnetic force of attraction 


Consider two magnetic poles having a cross section 
A and separated by a relatively short air gap (Fig. 
6-25). The force of attraction between them is 


given by: 
F = 400 000 B2A 


F = force of attraction [N] 
B = flux density in the air gap [T] 
A = cross section of the poles [m7] 


(6-9) 





400 000 = constant, taking account of units 


[exact value = 107/87] 


Example 6-5: 

Calculate the force of attraction between the elec- 
tromagnet and the armature of Figure 6-26, know- 
ing that the flux density in the air gap is 1.2 T. 


il 
~< 





Figure 6-26 Magnet of Example 6-5. 


Solution 
Cross section per pole is: 
A = 40cmx 40cm = 1600 cm? = 0.16 m? 
The force is: 
F = 400000 B7A 
= 400 000 x (1.2)?x 6.16 = 92 160N 
Because there are two poles, the total force of 
attraction is 184 kN. The magnet can therefore 
lift a mass of 18.8 metric tons, a result that is 
found by applying Eq. 3-1. 
Note that the force of attraction depends only 


upon the flux density and surface area of the piece 
being attracted. It is unaffected by the degree of 
saturation of the magnetic circuit. Furthermore, 
the source of flux is unimportant; it may be pro- 
duced by the coil of an electromagnet or by a per- 
manent magnet. 


6-24 Converting mechanical energy 
into magnetic energy 


When the north and south poles of a permanent 
magnet are bridged by a soft iron armature, the 
magnetic energy stored in the armature is negligi- 
ble (Fig. 6-27). On the other hand, when we re- 
move the armature, the energy stored in the re- 
sulting air gap may be very high (Fig. 6-28). The 





Figure 6-27 Negligible energy in the armature. 


magnetic 
energy 





mechanical work J L 


Figure 6-28 Mechanical work is converted 
into magnetic energy. 


question now arises: Where did the energy come 
from? Did the magnet create the energy in the 
gap? If not, what did? To answer these questions, 
we recall that to remove the armature from the 
magnet, we did mechanical work. In effect, we had 
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to exert a force F over a distance d. It is a remark- 
able fact that the mechanical work so expended is 
stored in the magnetic field of the air gap” 

There is, consequently, a direct conversion of 
mechanical energy into magnetic energy as we pull 
the armature away from the poles. For example, if 
6 J of mechanical work are needed to pull the ar- 
mature away, then 6J of magnetic energy are 
stored in the external field. 

Conversely, as we slowly bring the armature 
back towards the magnet, we have to fight against 
the force of attraction. The magnetic energy in the 
air gap gradually decreases, as we approach the 
poles. The magnetic energy so released is directly 
converted into mechanical energy during the 
braking processt. When the armature is again stuck 
to the poles, the magnetic energy is zero. 

Because it is mechanical energy that produces 
magnetic energy, we can understand why a perma- 
nent magnet does not lose its strength even if its 
armature is removed and replaced hundreds of 
times. It also explains why a magnetic nail collec- 
tor does not lose its strength despite the fact that 
every nail attracted and removed becomes slightly 
magnetized. The remanent magnetism associated 
with every newly magnetized nail is entirely cre- 
ated by mechanical work. None of this remanent 
magnetism is “taken away” from the nail collector 
itself. 


QUESTIONS AND PROBLEMS 
Practical level 


6-1 Referring to Figure 6-1, calculate the relative 
permeability of the following: 
a. relay steel at a flux density of 0.6 T; 
b. nickel at a density of 0.42 T. 


* In practice, some of the mechanical energy is given up 
to the magnetic domains, producing a slight heating. 

+ The mechanical energy is ultimately converted to heat 
in the joints and muscles that are involved in the 
braking process. 


6-2 Draw a complete hysteresis curve and show 
the coercive force and the residual flux den- 
sity. Indicate the portion of the curve that is 
used for permanent magnets. 

6-3 What means are used to reduce eddy current 
losses? 

6-4 Referring to Figure 6-1, calculate the relative 
permeability of Permalloy for H values of 
3 A/m, 100 A/m and 100 000 A/m. 

6-5 As we pull an armature away from the poles 
of a magnet, we exert mechanical energy. 
What happens to this energy? 


Intermediate level 


6-6 Calculate the energy required to completely 
demagnetize 10 cm? of Alnico from an initial 
residual flux density of 1.3 T (use the curve 
of Fig. 6-19). 

6-7. A laminated iron core made up of type M-36, 
29 gauge laminations operates at a peak flux 
density of 10 kilogauss. If the core weighs 
600 Ib, calculate a) the resulting core loss 
[W], and b) the heat given off [Btu/h]. 

6-8 If the core in Problem 6-7 were made ot 
type M-36, 24 gauge laminations, calculate 
the new core loss [W]. Is this increased loss 
due to eddy currents or to hysteresis? 

6-9 A sample of iron operating at a peak flux 
density of 1.2 T and a frequency of 60 Hz, 
has the following losses: hysteresis loss - 
240 W; eddy current loss - 360 W. 

If the frequency is reduced to 50 Hz while 
maintaining the same flux density, calculate 
the new hysteresis and eddy current losses. 

6-10 At what flux density do nickel and cobalt 
possess the same relative permeability and 
what is its value (see Fig. 6-1)? 

6-11 The armature in Figure 6-6 rotates at a speed 
of 1200 r/min. Calculate the number of hys- 
teresis loops that are completed in one sec- 
ond. 

6-12 The electromagnet in Figure 6-17 has 2400 
turns and carries a de current of 2 A. It pro- 
duces a total flux of 150 mWb, but the mag- 


6-13 


6-14 
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netic potential drop in the iron core is equal 
to 600A. Calculate the magnetic energy 
stored in the air. 

The permanent magnet pole of a dc motor is 
made of Indox® and operates at a flux den- 
sity of 0.2 T. The magnet has a length of 
2 cm and a cross section of 100 cm”. Calcu- 
late: 

a. the MMF developed by the magnet; 

b. the flux produced by the magnet; 

c. the magnetic energy stored in the air gap. 
Calculate the energy product for Alnico V at 
the following densities (see Fig. 6-19): 

a. 1.2T; b. 0.8 T; 

c. 64 500 lines per square inch. 


Advanced level 


6-15 


A closed ring of Alnico V has a cross section 
of 4 in? and an average length of 20in. A 
coil of 100 turns is wound around the ring in 


6-16 


6-17 


6-18 
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the manner shown in Figure 6-2. The rema- 

nent induction is 1.3 T, and the B-A curve is 

shown in Figure 6-19. Calculate the reverse 

current required to reduce the flux density 

to: a. 1T, b. OT. 

Indox® has a maximum remanent induction 

of 0.3 T. How can we produce a flux density 

of 1.2 T in an air gap using this material? 

We wish to produce a flux density of 0.5 T 

in an air gap whose length and cross section 

are 0.25 in and 9 in”, respectively. If we de- 

cide to use Alnico V operating at a flux den- 

sity of 1 T, calculate: 

a. the length of the magnet [in]; 

b. the cross section of the magnet [in7] : 

c. the volume of the magnet [in*]. 

In Problem 6-17 we finally decide to use 

Indox® instead of Alnico V. Referring to 

Fig. 6-19, calculate: 

a. the optimum operating flux density in 
the magnet [T]; 

b. the volume of the magnet [in*] . 

















ALTERNATING 
VOLTAGES AND 
CURRENTS 


This chapter is essentially a review of ac voltages 
and currents, with particular emphasis on applica- 
tions to power technology. Certain portions, 
dealing with harmonics and current flow in an 
inductor, also have a direct application in power 
electronics. 

7-1. Sinusoidal voltage and current 

The ac voltage generated by commercial alternators 


is very nearly a perfect sine wave. It may therefore 
be expressed by the equation: 


e = E. sin @ (7-1) 


where 
€ = instantaneous voltage [V] 

Love peak value of the sinusoidal voltage [V] 
@ = angle, expressed in electrical degrees [°] 


The electrical angle is related to time according 
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to the equation: 


[os 


(7-2) 


where 
@ = electrical angle [7] 
f = frequency [Hz] 
t = time [s] 
360 = aconstant, taking units into account 


Sinusoidal voltages always produce sinusoidal cur- 
rents, unless the circuit is nonlinear. Such currents 
are expressed in the same way as voltages are, 
yielding equations similar to Eq. 7-1. However, the 
current may lag or lead the voltage depending on 
the type of circuit used. For example, if a current 
lags behind the voltage by an angle @, it is ex- 
pressed by the equation: 


i = Im sin (¢-@) (7-3) 
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On the other hand, if the current /eads the voltage, 


it is given by the equation: 





where 
i = instantaneous current [A] 
Im = peak value of the sinusoidal current [A] 
6 = phase angle between the voltage and cur- 


rent [°] 


Figure 7-1 shows an ac source E34 which generates 
a sinusoidal voltage having a peak value of 100 V. 
The instantaneous voltages and polarities are 
shown for electrical angles of 90° and 330°. 


Why do we choose a sinusoidal wave rather than a 
“simple’’ curve such as a square or triangular 
wave? There are several good reasons for doing so: 
a. in ac machines and transformers, sinusoidal 
voltages and currents respectively produce the 
least iron and copper losses for a given power 
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output. The efficiency is therefore better; 

b. Sinusoidal voltages and currents produce less 
interference (noise) on telephone lines. 

c. In electric motors, a sinusoidal voltage produces 
less noise, and the accelerating torque is 
smoother. 


7-2 Instantaneous power 


The instantaneous power supplied to a circuit is 
simply the product of the instantaneous voltage 
times the instantaneous current. 

Instantaneous power is always expressed in 
watts, irrespective of the type of circuit used. The 
instantaneous power may be positive or negative. 
A positive value means that power flows from the 
source to the load. Consequently, a negative value 
indicates that power is flowing in reverse, from the 
load to the source. 


Example 7-1: 

A sinusoidal voltage having a peak value of 162 V 
and a frequency of 60 Hz is applied to the termi- 
nals of an ac motor. The resulting current has a 





Figure 7-1 Sinusoidal voltage having a peak value of 100 V. 
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Figure 7-2 Instantaneous voltage, current and power in an ac circuit. (See Example 7-1). 


peak value of 7.5 A and lags 50° behind the volt- 

age. 

a. Express the voltage and current in terms of the 
electrical angle @; 

b. Calculate the value of the instantaneous voltage 
and current at an angle of 120°: 

c. Calculate the value of the instantaneous power 
at 120°; 

d. Calculate the voltage at 5.55 ms. 


Solution: 
a. 1 From Eq. 7-1, we have: 
e = Ewsing= 162sin¢@ 
a.2 Furthermore, from Eq. 7-3, we have: 
1 = Ip sin (¢-6@) = 7.5 sin (¢ - 50) 
b. At @ = 120°, we have: 
€ = 162 sin 120 = 162 x 0.866 


= 140.3 V 
i = 7.5 sin (120 - 50) = 7.5 sin 70 
= 7.5x 0.94 
= 705A 
ec. The instantaneous power at 120° is 


p = et= 140.3 x 7.05 =+989 W 
Because the power is positive, it flows at this 


instant from the source to the motor. 


d. e = Ew, sing Eq. 7-1 
= Em sin 360 ft Eq. 7-2 
= 162 sin (360) (60) (5.55 x 10°°) 
= 140.3 V 


Figure 7-2 shows the waveshapes for e, i and p. 
Note that the instantaneous power is negative for 
brief intervals. During these moments, the motor 
returns power to the line. 


7-3 Effective value of voltage and current 


In power circuits, we sometimes encounter volt- 
ages that are periodic but not sinusoidal. For ex- 
ample, the waveshape may be rectangular, trape- 
zoidal, or spiked. What voltage values should we 
assign to such peculiar waveshapes and how can 
the voltages be measured? In every case, we oper- 
ate on a basis of comparison. We compare the pe- 
culiar voltage with a de voltage. But how can a 
highly variable ac voltage be compared to a steady 
dc voltage? There is really only one meaningful 
way, and that is to compare their relative heating 
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effects. We assume the two voltages are applied to 
two identical resistors. If the heat produced by the 
strange waveshape is equal to the heat produced 
by adc voltage of, say 10 V, the strange waveshape 
is said to have an effective value of 10 V. 

We can determine the effective value of a pecu- 
liar voltage by using two identical lamps and a vari- 
able dc source. The peculiar voltage is applied to 
one lamp, causing it to glow. The variable dc volt- 
age is then connected to the second lamp and the 
voltage is adjusted so that both lamps become 
equally bright. The dc voltage is then measured; its 
value establishes the effective value of the peculiar 
voltage. 

In practice, we can use a thermocouple volt- 
meter to measure the effective value of odd 
waveshapes. Such voltmeters contain a small resis- 
tor which heats up when a voltage is applied to the 
terminals. The heat, in turn, causes a tiny thermo- 
couple to produce a small dc voltage, which is reg- 
istered by a sensitive meter. The voltmeter is first 
calibrated by applying a dc voltage to its terminals. 
Moving-vane voltmeters and special electronic volt- 
meters can achieve the same result without using a 
resistor. 


7-4 Determining the effective value of a voltage 


The effective value of a periodic voltage can be 
found by calculating the thermal energy Q, that the 
voltage would produce in a resistor of 1 {2 during 
one complete cycle. Let the cycle have a period T. 
This energy must be equal to the thermal energy 
which a de voltage Hes would produce in the same 
resistor, during the same interval of time. Conse- 
quently, we can write: 
dc energy intime 7 = energy of periodic volt- 
age in time 7 
dcpowerx7’ = Qs, 
2 
E eff xT = Oo 


FropxT = Op 





cett = =e Q./T (7-5) 


Consequently, 


where 
Ee = effective value of the ac voltage [V] 
Qe = energy which the ac voltage dissipates 
in a hypothetical resistor of 1 &2, dur- 
ing one complete cycle [J] 
T = duration of one cycle [s] 


If we know the waveshape of the voltage, we can 
calculate the value of Og, using mathematics. How- 
ever, its value can also be found graphically. The 
graphical method is easier to understand and yields 
sufficiently accurate results. The following exam- 
ples further clarify the meaning of effective volt- 
age, and how its value can be found. 


Example 7-2: 
Calculate the effective value of the pulsating volt- 
age shown in Fig. 7-3a. 
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Figure 7-3. a. Pulsating voltage in Example 7-2. 


b. Power and energy in Example 7-2. 


Solution: 

We assume the voltage is applied across the termi- 
nals of a 1 resistor. The power dissipated is 
found from p = e?/R. Because R = 1 Q, the instan- 
taneous power is simply equal to e?. The graph of 
instantaneous power is shown in Fig. 7-3b. The 
cross-hatched area under the curve is equal to the 
energy dissipated in the resistor, expressed in 
joules. For the first 2 seconds the energy is 4W 


times 2s (or 4 J/s times 2s), yielding 8 J. The to- 
tal energy Qe dissipated during one cycle is obvi- 
ously equal to 8+ 2=10J. Furthermore, the du- 
ration 7 of one cycle is 12 s. The effective value of 
the pulsating voltage is: 


Fon =VQO/T =V10/12 =V0.83 =0.91 V 
Thus a steady dc voltage of 0.91 V produces the 
same heating effect as the pulsating voltage of Fig. 
7-3a. 


Example 7-3: 
Calculate the effective value of the ac voltage 
shown in Fig. 7-4a. 
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Figure 7-4 a. AC voltage in Example 7-3. 


b. Power and energy in Example 7-3. 


Solution: 
Applying the same principles as in the previous 
example, we square the voltage to determine the 
instantaneous power in a hypothetical 1 {2 resistor. 
Note that the instantaneous power is always posi- 
tive, even when the voltage is negative. The reason 
is that a negative voltage produces the same 
heating effect as a positive voltage does. The re- 
sulting energy is equal to the sum of the cross- 
hatched areas for one cycle (Fig. 7-4b). We have: 
On. = 1Wx2ms+4Wx1ms 
2mJ+4mJ=6 mJ 
6 ms 


also, I 


Consequently, For =VOe/T Eq. 7-5 
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= 4/6 mJ/6 ms 
=1V 


Consequently, a steady dc voltage of 1 V produces 
the same heating effect as the ac voltage of Fig. 
7-4a. 


Example 7-4: 

Calculate the effective value of the sine wave 
shown in Fig. 7-5a, knowing that the peak voltage 
is6V. 


a< 


——-+» voltage 


——»> power 





Figure 7-5 a. Voltage in Example 7-4. 


b. Power and energy in Example 7-4. 


Solution: 

Squaring the voltage as before, we obtain the curve 
shown in Fig. 7-5b. The cross-hatched area for one 
complete cycle yields an average power of 18 W. 
Consequently, 


QO. = 18Wx 1/60s=0.3 J 
since T = 1/60 s =0.0167 s, we have 
Eeg¢ = VQ-/T = V0.3/0.0167 =V 18 


4.24V 


The previous examples show that the effective 
voltage is essentially equal to the square root of 
the average value of the square of the instantaneous 





112 AC CIRCUITS 


voltages. For this reason, we sometimes use the 
term “‘root-mean-square” or ‘“RMS” value instead 
of “effective” value. 


7-5 Effective value of an ac current 


The effective value of an ac current can be found 
in the same way as the effective value of a voltage. 
We again assume that the current flows in a 1 Q 
resistor for one complete cycle. A quantity of heat 
Q; is released during this interval 7. 

By definition, the effective value Jag of a cur- 
rent is equal to that dc current which produces the 
same amount of heat in the same interval of time. 
Consequently, 

dc power x 7 = QO; 


PaRxT = Q 
Poe x1QxT = O 
whence Tepe = V O;/T (7-6) 
where 
Teg = effective value of the ac current [A] 
Q; = energy which the ac current dissipates 
in a hypothetical 1 (2 resistor during 1 
complete cycle [J] 
T = duration of one cycle [s] 


7-6 Effective value of a sinusoidal current 
and voltage 


Consider a sinusoidal current having a peak value 
Im (Fig. 7-6a). If it flows in a hypothetical 1 Q 
resistor, the instantaneous power Pp is given by the 
curve of Fig. 7-6b. The peak value of p is equal 
to ia It is obvious that the average power is 
equal to one half the peak power, or /,, 7/2. Conse- 
quently, the cross-hatched area under the power 
Curve during one cycle is equal to Im 7/2 xT But 
this area is equal to energy Q; dissipated in the 1 2 
resistor. Thus, according to Eq. 7-6, we have: 


Teg = VOjIT = VI? x T/2 T = VI py ?/2 = Ie V2 





Figure 7-6 a. Sinusoidal current having a peak value Jp. 


b. Power and energy dissipated ina 12 
resistor. 





Consequently, (7-7) 
where 
I = effective current [A] 
Im = peak value of sinusoidal current [A] 


/2 


a constant, which applies only to sinu- 
soidal waveshapes 


In the same way, the effective value E of a sinu- 
soidal voltage is given by: 


E =, js/2 = 0.107 Eun | 


Most alternating current instruments are calibrated 
to show the effective value of voltage or current 
and not the peak value. When the value of an alter- 
nating voltage or current is given it is understood 
that it is the effective value. Furthermore, the sub- 
script in Fer and Lege is usually dropped and the 
effective values of voltage and current are simply 
represented by the symbols £ and J. 


(7-8) 





7-7 Phasors 


We can represent the voltages and currents in an ac 


circuit by drawing sine waves as shown in Fig. 7-2. 
This is a tedious process, and, consequently, a 
much simpler method was invented to yield the 
same information. It consists of replacing sine 
waves by phasors. A phasor is a straight line whose 
length is proportional to the effective voltage or 
effective current it represents. Thus an ac current 
of 10 A may be replaced by a straight line having a 
length of 10 cm. 

Furthermore, in order to show the phase angle 
between voltages and currents, the phasors bear an 
arrow. The following rules apply to phasors: 

1. Two phasors are said to be in phase when they 
point in the same direction (Fig. 7-7). The 
phase angle between them is then zero. 


(a) 


(b) 


Figure 7-7 


a. Phasors & and / are in phase, with common origin. 


b. Phasors £ and/ are in phase, with no common origin. 


2. Two phasors are said to be out of phase when 
they point in different directions. The phase 
angle between them is the angle through which 
one of the phasors has to be rotated to make it 
point in the same direction as the other. Thus, 
referring to Fig. 7-8, phasor J has to be rotated 
counterclockwise by an angle @ to make it 
point in the same direction as phasor &. Con- 


— 1s] 
6 = a ee aaanannEETEEEEEEREEEEEEEE oe 
£ 


Figure 7-8 Phasor J lags behind phasor F. 
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versely, phasor & has to be rotated clockwise by 
an angle @ to make it point in the same direc- 
tion as phasor /. Consequently, whether we ro- 
tate one phasor or the other, we have to sweep 
through the same angle to make them line up. 


. If a phasor & has to be rotated clockwise to 
~ make it point in the same direction as phasor J, 


then phasor & is said to /ead phasor J. Converse- 
ly, a phasor J is said to lag behind phasor EF if 
phasor / has to be rotated counterclockwise to 
make it point in the same direction. Thus, refer- 
ring to Fig. 7-8, it is obvious that phasor E leads 
phasor J by @ degrees. It is also obvious that J 
lags behind & by @ degrees. 


. Referring now to Fig. 7-9, we could rotate 





I 


Figure 7-9 PhasorJ leads EF by 6 degrees. 


phasor J clockwise by an angle 6 to make it 


point in the same direction as phasor £. We 


could then say that phasor J leads phasor F& by 
6 degrees. This is the same as saying that phasor 
I lags phasor FE by @ degrees. In practice, we al- 
ways select the smaller phase angle between 
two phasors to designate the lag or lead situa- 
tion. 


. Phasors do not have to have a common origin, 


but may be entirely separate from each other, 
as shown in Fig. 7-10. By applying rule 3 above, 
we can easily show that phasor J leads phasor 
E, by 90° and that £2 lags behind J by 135°. 


Ey 


Figure 7-10 Phasor J leads £, by 90°. 
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Example 7-5: 

A 60 Hz source having an effective voltage of 
240 V delivers an effective current of 10A to a 
circuit. The current lags the voltage by 30°. 

a. Draw the phasor diagram for the circuit; 

b. Draw the corresponding waveshapes for F and J. 


Solution: 

a. We select any convenient direction for phasor 
E. Phasor J is drawn so that it lags 30° behind 
FE (Fig. 7-11a). 


E 240 V 
Pe 
10A 


I 





(b) 


Figure 7-11 
a. Phasor/ lags behind E by 30° (Example 7-5). 


b. Graph of F and/. 


b. Peak voltage = 240./2 = 339 V 
Peak current = 10\/2 = 14.1 V 
The resulting waveshapes are shown in Fig. 
7-11b. The phase lag of 30° corresponds to a 
time interval tf given by Eq. 7-2: 


6 = 360 ft 
30 = 360~x 60¢t 
tf = 1.39 ms 


It is well known that the sum of two or more sinu- 
soidal voltages (or currents) can be found by 
adding their respective phasors. The phasors are 
added by stringing them together in succession, 
joining head to tail. The resulting phasor extends 
from tail to head of the chain so formed. 

Voltages and currents can also be subtracted. 
This is best done by first reversing the phasor to 
be subtracted and then adding it to the phasors 
that make up the string. 

Example 7-6: 
The three ac sources in Fig. 7-12a produce the fol- 
lowing voltages. 


Bab = 100 /0° 
Ecqg = 60/+60° 
E», = 40/-150° 


If terminals a-c and d-2 are connected together, 
Fig. 7-12b), determine the magnitude of £4, and 


its phase angle with respect to Esp. 
1 
2 
Ed 
100 V Eab 
40 V 
° + 60° 
- 15 
E e ——~f£—1 





(b) 


Figure 7-12 a. Sources in Example 7-6. 


b. Sources connected in series. 


Solution: 
Referring to Fig. 7-12b, we can write: 


Pip = Ey. + Ege +E ap 


In this equation, phasor Eye has the same magni- 
tude as phasor Eg but it points in the opposite 
direction. Phasors £42, Ege and Fap are strung out 
head to tail as shown in Figure 7-12c. Phasor £44 
can be found either graphically or by trigonometry. 
Its value is 


Eyp = 80.2 2 - 63.84° 


Consequently, £1, lags 63.84° behind Hab and its 
magnitude is 80.2 V. 





(c) 
Figure 7-12 c. Adding phasors in Example 7-6. 


7-8 Harmonics 


Consider a set of sine waves in which the lowest 
frequency is f, and all other frequencies are inte- 
gral multiples of f. By definition, the sine wave 
having the lowest frequency is called the funda- 
mental and all the other waves are called harmon- 
ics. For example, a group of sine waves whose 
frequencies are 20, 40, 100, and 380 Hz is said to 
possess the following components: 

fundamental frequency: 20 Hz 

second harmonic: 40 Hz (2 x 20 Hz) 

fifth harmonic: 100 Hz (5 x 20 Hz) 

nineteenth harmonic: 380 Hz (19 x 20 Hz) 
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Let us now consider two sources e€, and e, con- 
nected in series whose frequencies are respectively 
60 Hz and 180 Hz (Fig. 7-13). The corresponding 
amplitudes are 100 V and 20 V. The fundamental 
and the third harmonic voltages pass through zero 
at the same time, and both are perfect sine waves. 








Figure 7-13 A fundamental and third harmonic voltage, 
together produce a flat-topped wave. 


Because the sources are in series, the resulting 
terminal voltage is obviously equal to the sum of 
the instantaneous voltages produced by each 
source. The resulting terminal voltage e3 is a dis- 
torted flat-topped wave whose frequency is equal 
to the fundamental frequency. We conclude that 
the sum of a fundamental voltage and a harmonic 
voltage yields a nonsinusoidal waveform whose 
frequency is equal to the fundamental frequency. 

By using other frequencies and other ampli- 
tudes, we can produce a periodic voltage of any 
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conceivable shape. All we have to do is to add to- 
gether a fundamental voltage and an arbitrary set 
of harmonic voltages. For example, we can gener- 
ate a square wave having an amplitude of 100 V 
and a frequency: of 50 Hz by connecting the fol- 
lowing sine wave sources in series: 


TABLE 7A 100 V SQUARE WAVE 
Harmonic amplitude freq. relative 
[Vv] [Hz] amplitude 
fundamental 127.3 50 1 
third 42.44 150 1/3 
fifth 25.46 250 1/5 
seventh 18.46 350 1/7 
ninth 14.15 450 1/9 
127th : 1.00 6350 1/127 
nth 127.3/n 50n 1/n 


A square wave is thus composed of a fundamental 
wave and an infinite number of harmonics. The 
higher harmonics have smaller and smaller ampli- 
tudes, and they are consequently less important. 
However, these high-frequency harmonics produce 
the steep sides and pointy corners of the square 
wave. In practice, square waves are not usually 
produced by adding sine waves, but the example 
does show that any wave can be built up from a 
fundamental wave and an appropriate number of 
harmonics. 

Conversely, we can decompose a given periodic 
wave into its fundamental and harmonic compo- 
nents. However, the harmonic analysis of such 
waveforms is beyond the scope of this book. 

Harmonic voltages and currents are usually 
undesireable, but in some ac circuits, they are also 
unavoidable. Harmonics are created by nonlinear 
loads, such as electric arcs and saturated magnetic 


circuits. They are also produced whenever voltages 
and currents are periodically switched, such as in 
power electronic circuits. All these circuits pro- 
duce distorted waveshapes that are rich in harmon- 
ICs. 


7-9 Fundamental power and harmonic power 


In ac circuits, the fundamental current and funda- 
mental voltage together produce fundamental 
power. This fundamental power is the useful pow- 
er that causes a motor to rotate, for example. On 
the other hand, the product of the harmonic volt- 
age times the corresponding harmonic current pro- 
duces a harmonic power. The latter is usually dis- 
sipated as heat in the ac circuit and consequently, 
does no useful work. Harmonic currents and volt- 
ages should therefore be kept as small as possible. 


7-10 Effective value of a distorted periodic wave 


The effective value of a distorted voltage is given 
by: 


R= VEY +E +E +. ‘ +E, 


where , 
E = effective value of the given waveform 
[V] —_ 
£, = effective value of the fundamental 
component [V] 
Ey, £3,...,Ey = effective value of the harmon- 
ics [V] 





i (7-9) 


Example 7-7: 

Calculate the effective value of the flat-topped ac 
voltage given in Fig. 7-13, knowing that the peak 
amplitudes e,; and e€2 are respectively 100 V and 
20 V. 


* If the distorted voltage also contains a dc component 


E’,, the effective value is given by 


E = VE +E, 2+E+...+E 


n 


Solution: 
a.1 Effective value of the fundamental is: 
f= e,/V2 
= 100//2 =70.7 V 
a.2 Effective value of the third harmonic is: 


i, = €o//2 
= 20/A/2 = 14.14 V 
a.3 Effective value of the distorted wave is: 
é,= Ve, +e," 


= V70.77 + 14.14? 
1/5000 + 200 
./5200 


72.1 V 


Eq. 7-8 


I] 


Example 7-8: 

A distorted wave has an effective value of 172 V. 
The fundamental has a frequency of 40 Hz and an 
effective value of 160 V. Calculate the effective 
value of all the harmonics combined. 


Solution: . 
B= VE +8 +83? +...+E,? Eq. 7-9 
ee VE? + Ey? 
where 


Ey, = effective value of all the harmonics. 


172 = V 1607+,” 
1727 = 1607+ 5; 
E,? = 3984 
E, = 63.1 V 


7-11 Distorted waves and ac circuits 


What kind of voltages and currents are produced 
when a distorted waveshape is applied to an ac 
circuit? The answer can be found quite easily by 
decomposing the distorted wave into its funda- 
mental and harmonic components. Each compo- 
nent is then considered independently, and the 
currents and voltages /t produces are determined 
by using standard circuit-solving techniques. The 
fundamental and harmonic voltages across each 
circuit element are then added together to deter- 
mine the waveshape of the resulting voltage across 
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it. Similarly, the fundamental and harmonic cur- 
rents flowing in a circuit element are added togeth- 
er to determine the waveshape of the current in 
that element. In effect, the resulting voltages and 
currents are found by applying the superposition 
theorem. | 

Finally, the total power associated with each 
circuit element is equal to the sum of the funda- 
mental power and all the individual harmonic 
powers. 


7-12 Current in an inductor 


It is well know that in an inductive circuit the volt- 
age and current are related by the equation: 


(7-10) 





instantaneous voltage induced in the 
circuit [V] 

L = inductance of the circuit [H] 
Ai/At = rate of change of current [A/s] 


sa) 
II 


This equation enables us to calculate the instanta- 
neous voltage e, knowing the rate of change of cur- 
rent. However, it often happens that e is known 
and we want to calculate the resulting current J. 
We can use the same equation, but the solution 
requires a knowledge of advanced mathematics. To 
get around this problem, we can use a graphical 
solution, called the vo/t-second method. \t yields 
the same results, and has the advantage of enabling 
us to visualize how the current increases and de- 
creases with time, in response to a known applied 
voltage. 

Consider, for example, Fig. 7-14, in which a 
voltage —& is applied across an inductance L. We 
want to determine the resulting current J. Ac- 
cording to the volt-second method, we must mea- 
sure the area under the voltage curve F, during an 
interval of time 7. For short intervals of time, the 
area is positive when the voltage is positive and 
negative when the voltage is negative. The net area 
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seconds 





Figure 7-14 Voltage and current in an inductor. 


after a “‘long’’ time interval 7 is found by sub- 
tracting the negative areas from the positive areas. 
Thus, in Fig. 7-14 the net area A after time inter- 
val T is equal to (4, - A,) volt-seconds. In general, 
the corresponding current is then given by: 





(7-11) 
where 
I = current after a time interval T [A] 
A = net area under the volt-time curve during 
time T [V:s] 
L = inductance [H] 


Consider, for example, an inductor L having negli- 
gible resistance, connected to a source whose volt- 
age varies according to the curve of Fig. 7-15a. If 
the initial current is zero, the value at instant ¢, is: 


[ = A,/L 


As time goes by, the area under the curve in- 
creases progressively, and so does the current. The 
current reaches its maximum value at time f2 be- 


cause at this moment the area under the voltage » 


Curve ceases to increase any more. Beyond f3, the 
voltage becomes negative and, consequently, the 
net area begins to diminish. At instant t3, for ex- 
ample, the net area is equal to (4, + A,-A3) and 
the corresponding current is: 


I = (A,+A,2-A3)/L 


(a) 







1=(A,+A,V/L 


[=(A,+A,-A,/L 


0 5 10 15 20 25 30 s 
——> time he, 


(b) 
Figure 7-15 a. An inductor stores volt-seconds. 


b. Current in the inductor. 


At instant tg, the negative area (43 + Ag) is 
equal to the positive area (4, + A2). The net area is 
zero and the current is also zero. After instant f4, 
the current becomes negative, in other words, it 
changes direction. 

Another way of looking at the circuit is to con- 
sider that the inductor accumulates volt-seconds 
during the interval from O to fz. As it becomes 
“charged up” with volt-seconds, the current in- 
creases in direct proportion to the volt-seconds 
received. Then during the “‘discharge’”’ period from 
tz to tq the inductor loses volt-seconds and the cur- 
rent decreases accordingly. An inductor, therefore, 
behaves very much like a capacitor. However, 
instead of storing ampere-seconds or coulombs, an 
inductor stores volt-seconds. 

Figure 7-15b shows the instantaneous current 
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ae ia 
peer 


Figure 7-16 See Example 7-9. 


obtained when the voltage of Fig. 7-15a is applied 
to an inductance of 100 H. The initial current is 
zero, and the current rises to a maximum of 6.9 A 
before again dropping to zero after a time interval 
of 27s. 


Important Note: If the current at the beginning of 
an interval 7 is not zero, we simply add the initial 
value to all the current values calculated by the 
volt-second method. 


Example 7-9: 

The voltage across the terminals of an inductor of 
2H varies according to the curve given in Fig. 
7-16. a) Calculate the instantaneous current J in 
the circuit, knowing that the initial current is zero. 
b) Repeat the calculations for an initial current of 
7A. 


Solution: 

a. 1 Interval from zero to 3s: During this inter- 
val, the area in volt-seconds increases uni- 
formly and progressively. Thus, after one sec- 
ond, the area A is 4 V-s; after two seconds, it 
is 8 V-s: and so forth. Using the expression 

= A/L, the current builds up to the fol- 
lowing respective values: 2A, 4A, etc., at- 
taining a final value of 6A after three sec- 
onds. 





NANAK \\\ St 


LEAR 
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a. 2 Interval from 3s to 5s: The area continues 
to increase, but at a slower rate, because 
voltage E is smaller than before. When ¢ = 5s, 
the total surface starting from the beginning 
is 16 V-s; therefore the current is 16 V-s/2 H 
=8A. 

a. 3 Interval from 5s to 7 s: The surface increases 
by 4 squares which is equivalent to 8 Vs. 
Consequently, the current increases by 4A. 
Note that the current no longer follows a 
straight line because the voltage is not con- 
stant during this interval. 

a. 4 Interval from 7 s to 8 s: The voltage suddenly 
changes polarity with the result that the 
8 V-s during this interval subtract from the 
volt-seconds that were accumulated previ- 
ously. The net area from the beginning is 
therefore 24 V-s - 8V-s = 16 V-s. Conse- 
quently, the current at the end of this inter- 
val is] = 16/2=8A. 

a. 5 Interval from 8s to 10s: Because the termi- 
nal voltage is zero during this interval, the 
net volt-second area does not change and 
neither does the current (remember that we 
have assumed zero coil resistance). 

a. 6 Interval from 10s to 14s: The negative volt- 
seconds continue to accumulate and at ¢ = 
14s, the negative area is equal to the posi- 
tive area, and so the net current is zero. 
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Beyond this point, the current changes direc- 
tion. ( 

b. With an initial current of + 7A, we would 
have to add 7 A to each of the currents cal- 
culated previously. The new current wave is 
simply 7A above the curve shown in Fig. 
7-16. Thus, the current att =11sis6+7= 
13 A. 


7-13 Energy in an inductor 
It is well known that a coil stores energy in its 


magnetic field when it carries a current J. The 
energy is given by: 





(7-12) 
where 
W = energy stored in the coil [J] 
L = inductance of the coil [H] 
I = current [A] 


If the current varies, the stored energy rises and 
falls in step with the current. Thus, whenever the 
Current increases, the coil absorbs energy and 


whenever the current falls, energy is released. In a 


sense, the inductor does the job of a flywheel. 
Thus, a flywheel stores energy when its speed in- 
creases, whereas an inductor stores it when the 
current increases. Furthermore, in the same way 
that a flywheel tends to oppose a change in speed, 
an inductor tends to oppose a change in the cur- 
rent it carries. 


Example 7-10: | 

a. Referring to Fig. 7-16, calculate the energy 
stored in the inductor when ¢ = 11s. 

b. Is power flowing into or out of the coil at 
this instant, and what is its magnitude? 


Solution: 

a. 1 The inductance is 2H, and the current at 
t= 11s is 6A. The energy stored is there- 
fore: 


_ 1 yp 
We ie 


= ee oes 
2 


Eq. 7-12 


= 36J 
b. 1. The current is decreasing; consequently, the 
Stored energy must be falling. The coil is in 
the process of releasing its stored energy. 
The power flowing out of the coil is: 
p = El 
= 4x6 
= 24. 


7-14 Some useful equations 


We end this chapter by listing (Table 7A) some 
useful equations that are frequently required when 
solving ac circuits. The equations are given without 
proof on the assumption that the student already 
possesses a knowledge of ac circuits in general. 


QUESTIONS AND PROBLEMS 
Practical level 


7-1. a. Draw the waveshape of a sinusoidal volt- 
age having a peak value of 200 V anda 
frequency of 5 Hz. 

b. If the voltage is zero at ¢ = 0, what is the 
voltage att =5 ms? 75 ms? 150 ms? 

7-2. A sinusoidal current has an effective value of 

50 A. Calculate the peak value of current. 
7-3 A sinusoidal voltage of 120 V is applied to a 

resistor of 10 (2. Calculate: 

a. the effective current in the resistor; 

b. the peak voltage across the resistor: 

c. the power dissipated by the resistor: 

d. the peak power dissipated by the resistor. 

7-4 A distorted voltage contains an 11th har- 

monic of 20 V, 253 Hz. Calculate the fre- 
quency of the fundamental. 

7-5 The current in a 60 Hz single-phase motor 

lags 36 degrees behind the voltage. Calculate 
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TABLE 7A IMPEDANCE OF SOME COMMON AC CIRCUITS 
Circuit diagram | impedance 
feces XL = 2nfL (7-13) 
js i See (7-14) 
o~ 2nfC ; 
: Bi Z = VR?+X,? (7-15) 
Xc = «/ pe a 
oe Z| | ee Z = VR*+Xe bee. 
Xo xX J/R24(¥, -X-)2 
>+TE 4t wn Z @ AR? + (Ky =X (7-17) 
RX 
: fae X (7-18) 
RXc¢ Pe. 
: i : Z = VRi+t ete) 
‘a Xo VR?+X2 
| | | a ag (7-20) 
a VR? + (X,-Xc)” 


122 AC CIRCUITS 
the time interval between the positive peaks 
of voltage and current. 

7-6 Referring to Fig. 7-17, determine the phase 
angle between the following phasors and, in 
each case, indicate which phasor is lagging. 

a. [, and J/3; : 
b. [, and I3; 
c. Eand/,. 
I, tKeur 
eee |! ee ee 2 
30° 6A 
if 3A 
5A 
Figure 7-17 See Problem 7-6. 

7-7. Referring to Fig. 7-17, determine the magni- 
tude of the following phasors graphically by 
drawing the phasors to scale. Use a scale of 
Tinch=1A. 

a. lg =1, +13 
b. Ip=zl,td3 
c. lp =1,-13 
d. lqg=13-1; 

7-8 In Problem 7-7, determine the position of 
phasors Ja, Ip, Ic and Jg with respect to 
phasor />. Use a protractor to measure the 
phase angles. 

7-9 Referring to Fig. 7-18, determine the magni- 
tude of the resulting phasor, and its lag or 
lead position with respect to phasor £3, 
when the following additions are made. Use 
a graphic solution and determine the phase 
angles with a protractor. 

a. Ey +h, +h3t+k, 
b. F,+F,+F3-EF, 
c. £,-F,+F3-E4 
d.-F£,+£,4 
By 
10 V 
E3 E, 
Vv. 24V 
EB, 
6V 


Figure 7-18 See Problem 7-9. 


7-10 A6V battery is connected to an inductor of 
negligible resistance whose inductance is 2 H. 
If the initial current is zero, 


a. 


How many volt-seconds has the coil accu- 


mulated after 2 s? 
b. What is the current after 1s? after 2 s? 


Intermediate level 


7-11 The voltage applied to an ac magnet is given 
by the expression & = 160 sin @ and the cur- 
rent is J = 20 sin (@ - 60), all angles being 
expressed in degrees. 


a. 


7-12 A 
in 


Draw the phasor diagram for F and J, 
using effective values. 


. Draw the waveshape of & and / as a func- 


tion of @. 

Calculate the peak positive power and the 
peak negative power in the circuit. 
periodic current has the waveshape given 
Fig. 7-19. If the peak current is 10 A, cal- 


culate the effective value. 
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Figure 7-19 See Problem 7-12. 












Referring to Fig. 7-13, draw the wave- 
shape of the distorted sine wave, if the 
third harmonic voltage is reversed. 


. Calculate the peak voltage of the resulting 


waveshape, as well as its effective value. 


Referring to Fig. 7-16, calculate the pow- 
er supplied to the coil at t = 5s and the 
energy stored in the coil at that instant. 


. Repeat the same calculations for ¢ = 9s. 





ACTIVE, 
REACTIVE AND 
APPARENT POWER 


The concept of active, reactive, and apparent pow- 
er plays a major role in electric power technology. 
In effect, the transmission of electrical energy and 
the behavior of ac machines are often easier to 
understand by working with power, rather than by 
dealing with voltages and currents. The reader is 
therefore encouraged to pay particular attention 
to this chapter. He may also find it helpful to re- 
view the ac circuits discussed in Chapter 2, Sec. 
2-2 to 2-6, and Chapter 7. 


The terms active, reactive, and apparent power 
apply to steady-state alternating current circuits in 
which the voltages and currents are sinusoidal. We 
cannot use them to describe transient-state behav- 
lor, nor can we apply them to de circuits. 

8-1 Apparent power 

Figure 8-1 shows a single-phase device operating at 
an effective voltage & and carrying an effective 
current J. The positive direction of current flow is 
designated by an arrow and, in a similar arbitrary 
way, the positive side of voltage is designated by a 


(+). 
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By definition, the apparent power S associated 
with the device is equal to the arithmetic product 
ETI, expresssed in volt-amperes. The two conduc- 
tors leading to the device carry the apparent pow- 
er, but unlike current flow, power does not flow 
down one conductor and return by the other. 
Power flows over both conductors and, conse- 
quently, as far as power is concerned, we can re- 
place the conductors by a single line, as shown in 
Fig. 8-2. 





Figure 8-1 Arbitrary polarity and current flow in a device. 





Figure 8-2. From a power standpoint a transmission line 
can be represented by a single line. 
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Clearly, power flows either towards the device 
or away from it. Unfortunately, if we only know 
the value of apparent power, we cannot state 
whether it flows in one direction or the other. The 
reason is that the power flow depends upon the 
phase angle between current phasor J and voltage 
phasor &. Thus, referring to Fig. 8-3, phasor J may 
occupy any position 1,, [z,.., ig with respect to 
phasor £, but if the currents have the same magni- 
tude, the apparent power &/ is the same in every 
case. We shall shortly establish rules enabling us to 





Figure 8-3 Apparent power is independent of the phase 
angle between voltage and current. 


get a better understanding of power flow in ac de- 
vices and circuits. Specifically, they involve 
breaking up the apparent power into two compo- 
nents: an active power P and a reactive power Q. 
As a final note, the maximum apparent power 
to be carried by a transmission line has a direct 
influence upon its physical size. Thus, as the line 
current / increases, we must employ larger conduc- 
tors and, as the line voltage E' becomes higher and 
higher, we have to increase the spacing between 





(a) (b) 





them. Consequently, the size of a transmission line 
depends directly upon the product EJ, which, of 
course, is equal to the apparent power S. 


8-2 Active power* 


The simple ac circuit of Fig. 8-4a consists of a re- 
sistor connected to an ac generator. The effective 
voltage and current are designated / and J respec- 
tively and, as we would expect in a resistive circuit, 
phasors £ and J are in phase (Fig. 8-4b). If we con- 
nect a wattmeter into the line, it will give a reading 


P = ET watts. 





Figure 8-5 Active power is composed of a series 
of positive power pulses. 


To get a better picture of what goes on in such 
a circuit, we have drawn the sinusoidal curves of F 
and I (Fig. 8-5). The peak values are respectively 
\/2E volts and /2I amperes because, as we stated 
at the outset, & and J are effective values. By mul- 


Many persons refer to active power as “real power’’ or 
“true power” considering it to be more descriptive. In 
this book, we use the term “active power’’, because it 
conforms to the IEEE designation. 


wattmeter 








(c) 


Figure 8-4 Circuit composed of a resistor connected to an ac generator. 
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tiplying the instantaneous values of voltage and 
current, we obtain the instantaneous power in 
watts. 

The power wave consists of a series of positive 
loops that vary from zero to a maximum of 2&7 
watts. The fact that power is always positive indi- 
cates that it always flows from the generator to 
the resistor. This is one of the basic properties of 
what is called active power: although it pulsates 
between zero and maximum, it never changes di- 
rection. The direction of power flow is shown by 
an arrow P (Fig. 8-4c). As mentioned previously, 
power flows over both conductors and, conse- 
quently, we can replace them by a single line. In 
general, the line represents any transmission line 
connecting two devices, irrespective of the number 
of conductors it may have. 

The generator is an active source and the resis- 
tor is an active load. 


8-3 Definition of active sources and active loads 


Many other devices, besides resistors, can function 
as active loads. To enable us to positively identify 
an active source or active load, consider Fig. 8-6 in 
which a device A is one of several devices making 
up an ac circuit. In solving such a circuit, we assign 





Figure 8-6 Device A may be an active source or active 
load depending upon the phasor relationship 
between FE and J. 


an arbitrary polarity to the voltage E across each 
device, and an arbitrary direction for the corre- 
sponding current flow /. This enables us to write 
the circuit equations based on Kirchhoff’s voltage 


and current laws. Naturally, to write these equa- 
tions, we have to know the precise nature of all. 
the devices making up the circuit. The equations 
give us a solution to F and J for each device and 
this solution can be represented by a phasor dia- 
gram. This diagram, together with the arbitrary po- 
larity and current flow, permit us to state whether 
a device is an active load or active source. The fol- 
lowing rule applies: 


1. A device is an active /oad when: 
a. voltage £ and current / are in phase and 
b. current J is shown as entering the (+) termi- 
nal. | 


The following additional rules follow naturally 

from the above basic rule: 

2. A device is an active source when E and J are in 
phase and J is shown as leaving the (+) terminal. 

3. A device is an active source when £ and J are 
180° out of phase and J is shown as entering 
the (+) terminal. | 


4. A device is an active load when £ and 7 are 


180° out of phase and J is shown as leaving the 
(+) terminal. 


Example 8-1: 

Two devices A and B are connected by a transmis- 
sion line and an arbitrary polarity is assigned to 
the line voltage E& and an arbitrary direction for 
line current J (Fig. 8-7). After solving the circuit, 
the equations show that phasors £& and J are 180° 
out of phase. Which device is the active load? 





Figure 8-7 See Example 8-1. 
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Solution: 

We could refer to the four rules listed above and 
select the one that applies to our problem. Howev- 
er, it is easier to remember only rule 1 and reason 
as follows: If & and / were in phase, B would obvi- 
ously be the load. However, because they are 180° 
out of phase B must be the active source. It fol- 
lows that device A is the active load, and the direc- 
tion of active power flow is shown by arrow P. 


Note that the phasor diagram applies simulta- 
neously to device A, to device B and to the trans- 
mission line connecting them. In other words, a 
single phasor diagram suffices for all three ele- 
ments of the circuit. 


8-4 Reactive power 


The circuit of Fig. 8-8a is identical to the original 
resistive circuit except that the resistor is now re- 
placed by an inductor. After writing the equations, 
we discover that J lags 90° behind voltage EF. 

To see what really goes on in such a circuit, we 
have drawn the waveforms for & and J and, by 
again multiplying the instantaneous values, we ob- 
tain the curve of instantaneous power (Fig. 8-8b). 
The instantaneous power wave consists of a series 
of positive and negative loops: the positive loops 
correspond to instantaneous power delivered from 
the generator to the inductor and the negative 
loops represent instantaneous power delivered 
from the inductor to the generator. The dotted 


(a) 





Figure 8-8 a. 


area under each loop is the energy, in joules, trans- 
ported in one direction or the other. Clearly, the 
energy is delivered in a continuous series of pulses 
of very short duration, every positive pulse being 
immediately followed by a negative pulse. 

Energy moves back and forth between the gen- 
erator and the inductor without ever being used 
up. Power which oscillates back and forth in this 
manner is called reactive power, to distinguish it 
from the unidirectional active power mentioned 
before. The reactive power in Fig. 8-8 is also given 
by the product E/. However, to distinguish this 
power from active power, another unit is used - 
the var. A larger unit, the kvar, is equal to 1000 
var. 

Special instruments, called varmeters, are avail- 
able to measure the reactive power in a circuit 
(Fig. 8-9). A varmeter multiplies the effective line 
voltage EF by the effective line current J times sin @ 
(the angle between them) and gives a readout of 
the product. A reading is only obtained when & 
and J are out of phase; if they are in phase, the var- 
meter reads zero. 


Example 8-2: 

A voltmeter and ammeter connected into the cir- 
cuit of Fig. 8-8a give readings of 140 V and 204A, 
respectively. Calculate: 

a. the apparent power of the circuit; 

b. the reactive power of the circuit; 

c. the active power of the circuit. 





Circuit composed of an inductor connected to an ac generator. 


b. Reactive power is composed of a sequence of identical positive and negative power pulses. 
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Solution: 
a. The apparent power is: 
S = EI = 140x 20 
= 2800 VA = 2.8kVA 
b. The reactive power Is: 
QO = ETI = 140x 20 
= 2800 var = 2.8 kvar. 
Note that if a varmeter were connected into the 
circuit, it would give a reading of 2800 var. 
c. The active power is zero. 

If a wattmeter were connected into the circuit 
it would read zero. 

To recapitulate, the apparent power in Fig. 8-8a 
is ET voltamperes, but, because the current is 90° 
out of phase with the voltage, it is given the special 
name reactive power and the corresponding special 
unit, the var. 





Figure 8-9 Varmeter. (Canadian General Electric) 


8-5 Reactive sources and reactive loads 


Reactive power involves energy that oscillates back 
and forth over a transmission line; consequently, It 
is really impossible to say whether it originates at 
one end of the line or the other. Nevertheless, it is 
very useful to assume that some devices generate 
reactive power while others absorb it. In other 
words, some devices behave like reactive sources 
and others like reactive /oads. In order to distin- 
guish between the two, we use the same line of 


reasoning as in the case of active loads. Thus, sup- 
pose a device X is part of an ac circuit and that the 
voltage & and current J have respectively been as- 
signed the arbitrary polarity and direction shown 
in Fig. 8-10. After solving the circuit. equations 





Figure 8-10 Device X may be a reactive source or 
reactive load depending on the phasor 
relationship between F and J. 


suppose we find that the voltage and current are 
90° out of phase. The following rule then applies”: 


1. A device is a reactive /oad when; 
a. current J lags 90° behind voltage E and 
b. current J is shown as entering the (+) termi- 
nal. 


The following additional rules follow naturally 

from the above basic rule: 

2. A device is a reactive source when J lags behind 
E by 90° and J is shown as leaving the (+) ter- 
minal. 

3. A device is a reactive source when J leads F£ by 
90° and J is shown as entering the (+) terminal. 

4. A device is a reactive load when J leads F by 
90° and J is shown as leaving the (+) terminal. 


Example 8-3: 

Two devices X and Y are connected by a transmis- 
sionsion line and an arbitrary polarity is assigned 
to the line voltage F and an arbitrary direction to 


* These rules conform to definitions adopted by the 
IEEE. 
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line current I. (Fig. 8-11). After solving the circuit, 
the equations show that phasor E lags 90° behind 
phasor /. Which device is the reactive source? 





E 


Figure 8-11 See Example 8-3. 


Solution: 
We could scan through the four rules given above 
and select the one that applies to our problem. 
However, it is easier to remember only rule 1 and 
reason as follows: If the current lagged behind the 
voltage in Fig. 8-11, then Y would be the reactive 
load. But since the current is actually leading the 
voltage, Y must be a reactive source. It follows 
that X is reactive load. The direction of reactive 
power flow is therefore from Y to X, as indicated 
by arrow Q. 

The reader should note that the same phasor 
diagram applies to devices X and Y as well as to 
the transmission line connecting them. 


8-6 The capacitor as a reactive source 
Let us now study the behavior of a Capacitor con- 


nected to an ac generator (Fig. 8-12a). Upon 
solving the circuit, we discover that the current 








leads the voltage by 90°. It follows from our defi- 
nitions that the capacitor is a reactive source. Con- 
sequently, it delivers reactive power to the very 
generator to which it is connected! For most peo- 
ple, this takes a little time to swallow because 
how, we may ask, can a passive device like a Capac- 
itor possibly produce any power? The answer is 
that reactive power really represents energy which, 
like a pendulum, swings back and forth without 
ever doing any useful work. The capacitor acts as a 
temporary energy-storing device continually ac- 
cepting energy for brief periods and releasing it 
again. 

If we connect a varmeter into the circuit (Fig. 
8-12b), it will give a negative reading of EJ vars, 
showing that reactive power is indeed flowing 
from the capacitor to the generator. The generator 
is actually a reactive load, but we sometimes prefer 
to call it a receiver of reactive power, which, of 
course, amounts to the same thing. | 


8-7 Distinction between active 
and reactive power 


There is a basic difference between active and reac- 
tive power and perhaps the most important thing 
to remember about them is that one cannot be 
converted into the other. Active and reactive pow- 
er function independently of each other and, con- 
sequently, they can be treated as separate quanti- 
ties in electric circuits. 

Both place a burden on the transmission line 
that carries them, but, whereas active power even- 
tually produces a tangible result (heat, mechanical 
power, light, etc.), reactive power only represents 
energy that oscillates back and forth. 


varmeter 
aA — —_—S 





(b) 


Figure 8-12 A capacitor is a source of reactive power. 
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8-8 Combined active and reactive loads 


Most industrial loads absorb both active power P 
and reactive power Q. Consider, for example, the 
circuit of Fig. 8-13a in which a resistor and induc- 
tor are connected to a source £. The resistor draws 





(c) 


Figure 8-13 Active and reactive power flowing in the 
same direction. 


a current Jp, while the inductor draws a current Iq. 
The phasor diagram is self-explanatory and, ac- 
cording to our definitions, the resistor is an active 
load while the inductor is a reactive load. The ac- 
tive and reactive power components P and Q both 
flow in the same direction as shown by the arrows 
in Fig. 8-13c. If we connect a wattmeter and a var- 
meter into the circuit, the readings will both be 
positive, indicating P = Elp watts and O = Elg vars, 
respectively. 


Let us now consider Fig. 8-14 in which a resis- 
tor and capacitor are connected to the source. The 
situation is similar to Fig. 8-13 except that the ca- 
pacitor is a reactive source. The active and reactive 
power components now flow in opposite direc- 
tions over the transmission line. A wattmeter con- 


>; 
OQ CEE 


(c) 


Figure 8-14 Active and reactive power flowing in opposite 
directions. 


nected into the circuit will give a positive reading 
P= EI watts but a varmeter will give a negative 
reading Q = Elg. The so-called “source”’ G delivers 
active power P, but receives reactive power Q. 
Thus, it is both an active source and a reactive 
load. It may seem unusual to have two powers 
flowing in opposite directions over the same trans- 
mission line, but we must remember that active 
power P is not the same as a reactive power Q and 
that each flows independently of the other. 
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All ac inductive devices such as magnets, trans- 
formers, ballasts, induction motors, and so forth, 
absorb reactive power because one component of 
the current they draw lags 90° behind the voltage. 
The reactive power plays a very important role be- 
cause it produces the ac magnetic field in these de- 
vices. The devices simultaneously behave as active 
loads because they must absorb active power to 
supply the losses and to do useful mechanical or 
electrical work. | 

A building, shopping center, or city may be 
considered to be an active and reactive load con- 
nected to an electric utility system. Such load cen- 
ters contain thousands of induction motors and 
other electromagnetic devices which require reac- 
tive power (to sustain their magnetic fields) and 
active power (to do the useful work). 





livers reactive power, the receptacle will receive it. 
In other words, a receptacle outlet is at all times 
ready to accept or deliver either active power P or 
reactive power Q to meet the requirements of the 
group of devices connected to it. 


8-9 Relationship between P, O,S 


Consider the single-phase circuit of Fig. 8-15 com- 
posed of a source, a load and appropriate meters. 
Let us assume that: 


® the voltmeter indicates FE volts: 

® the ammeter indicates J amperes: 
@ the wattmeter indicates + P watts: 
@ the varmeter indicates + Q vars; 


@ the current lags behind the voltage by 6 degrees. 


).:] Varmeter 





(a) 
Figure 8-15 Relationship between P, Q,andS. 


Speaking of sources and loads, the deceptively 
simple electrical outlet also deserves our attention. 
Such an outlet may be the 120 V receptacle ina 
home, a 3-phase 480 V service entrance to a facto- 
ry, or the terminals of a high-power 345 kV trans- 
mission line. All such outlets are ultimately con- 
nected to the huge alternators that power the elec- 
trical transmission and_ distribution systems. 
Strange as it may seem, an outlet can act not only 
as an active or reactive source (as we would ex- 
pect), but it may also behave as an active or reac- 
tive load. What factors determine whether it will 
behave in one way or the other? It depends entire- 
ly upon the type of device (or devices) connected 
to the receptacle. If the device requires active pow- 
er, the receptacle will provide it; if the device de- 





(b) 


Current J can be decomposed into two compo- 
nents Jy and lq, respectively in phase, and in qua- 
drature, with phasor £. The numerical values of Ip 
and Ig can be found directly from the meter 
readings: 


Iq z= O/E (8-2) 
Furthermore, the apparent power S transmitted 


over the line is given by S = EI, from which: 


I = S/E (8-3) 
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Referring to the phasor diagram, it is obvious that: 


a 2 2 
I =Ip +Iq 


S 2 - P 2 O 2 
el “lel +2 


in which 
S 
P 
Q 


so that: 


apparent power [VA] 
active power [W] 
reactive power [var] 


Example 8-1: 

An alternating current motor absorbs 40 kW of 
active power and 30 kvar of reactive power. Cal- 
culate the apparent power supplied to the motor. 


Solution: 
S = VP?+Q? 
V 40? + 30? 


50 kVA. 


Eq. 8-4 


Il 


Example 8-2: 

A wattmeter and varmeter are connected into a 

120 V single-phase line feeding an ac motor. They 

respectively read 1800 W and 960 var. Calculate: 

a. the in-phase and quadrature components Ip and 
Iq; 

b. the line current J; 

c. the apparent power supplied by the source. 


Solution: 
Referring to Fig. 8-15, we have: 


* This equation may be represented by a right-angle 
“power triangle’ having sides P, 0, and hypotenuse S. 
The relationship between the three sides is the well- 
known pythagorean equation S* = P? + Q?. The con- 
cept of the power triangle is particularly useful when 
solving ac circuits using complex notation. 


a1 £5.> P/E = 1800/120 = 15A Eq. 8-1 
a.2 Ig = Q/E = 960/120 = 8A Eq. 8-2 
b. From the phasor diagram: 


I = VIp? +Ig? = V157 +87 = 17A 


Cc. The apparent power is: 
S = ET = 120x117 = 2040 VA 


8-10 Power factor 


The power factor of an alternating current circuit 
is given by the equation: 


power factor, expressed as a simple 

number, or as a percentage 

P = active power delivered or absorbed by 
the circuit [W] 

S = apparent power of -the circuit [VA] 


i?) 
O 
n 
D 
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Because the active power P can never exceed the 
apparent power S, it follows that the power factor 
can never be greater than unity (or 100 percent). 
The power factor of a resistor is 100 percent be- 
cause the apparent power it draws is equal to the 
active power. On the other hand, the power factor 
of an ideal coil having no resistance is zero because 
it does not consume any active power. 

To sum up, the power factor of a circuit or a 
device is simply a way of stating what fraction of 
its apparent power is real, or active, power. 

In a single-phase circuit the power factor is also 
a measure of the phase angle @ between the voltage 
and current. Thus, referring to Fig. 8-15: 


power factor = P/S 
EIp/EI 
Ip/I 
cos 0 
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Consequently, 


va 
where 


power factor = power factor of a single-phase 
circuit . 
6 = phase angle between the volt- 
age and current 
If we know the power factor, we know the cosine 
of the phase angle between £ and / and, hence, we 
can calculate the angle. A power factor is said to 
be /agging if the current lags behind the voltage. 
Conversely, the power factor is said to be /eading 
if the current leads the voltage. 


Example 8-3: 

Calculate the power factor of the motor in Exam- 
ple 8-2 and the phase angle between the line volt- 
age and line current. 


Solution: 
power factor = P/S 
= 1800/2040 
0.882 or 88.2 percent lagging 
cos@ = 0.882 
.@ = 28° 


Example 8-4: 

A single-phase motor draws a current of 5 A from 
a 120 V, 60 Hz line. The power factor of the mo- 
tor is 65 percent. Calculate: 

a. the active power absorbed by the motor; 

b. the reactive power supplied by the line. 


Solution: 
a. 1 The apparent power drawn by the motor is: 
S = ET = 120x5 


= 600 VA 
a. 2 The active power absorbed is: 
P = Scos@ ~ Eq. 8-5 
= 600 x 0.65 = 390 W 
b. The reactive power is: 
0 = VS° -P* Eq. 8-4 


= V600? - 3907 


= 456 var 
Note that the motor draws more reactive power 
from the line than active power. This is unfortu- 
nate, because it burdens the line with non-produc- 
tive power. 


Example 8-5: 

A 50 UF paper capacitor is placed across the motor 
terminals in Example 8-4. Calculate: 

a. the reactive power generated by the capacitor; 
b. the active power absorbed by the motor; 

c. the reactive power absorbed from the line; 

d. the new line current. 


Solution: 
a. 1 The impedance of the capacitor is: 
Xe = 1/2nfC Eq. 7-14 
= 1/2m x 60 x 50x 10° 
= 532 
a. 2 The current in the capacitor is: 
I = E/Xe = 120/53 
= 2.26A 
a. 3 The reactive power generated by the capac- 
itor is: 
Qc = EI = 120x 2.26 
= 271 var 


b. 1 The motor continues to draw the same ac- 
tive power because it is still fully loaded. 
Pm = 390W 

b. 2 Furthermore, the motor also draws the same 
reactive power as before because nothing has 
taken place to change its magnetic field. 


Consequently: 
Om = 456 var 
c. 1 The motor draws 456 var from the line, but 
the capacitor furnishes 271 var to the same 
line. The net reactive power drawn from the 
line is therefore: 
QO. = Om-Q 
456 - 271 
185 var 


c. 2. The active power drawn from the line is ob- 
viously: 
Pi = Pm = 390W 
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d. 1 The apparent power drawn from the line is: 


S = VPL*+Q,’ 
V 3907 + 1857 


= 432 VA 
d. 2 The new line current is: 
TL = S_/E = 432/120 
= 3.6A 
Thus, the line current drops from 5A to 
3.6A by placing the capacitor in parallel 
with the motor. 


8-11 Systems comprising several loads 


The concept of active and reactive power enables 
us to simplify the solution of some rather complex 
circuits. Consider, for example, a group of loads 
connected to a 380 V receptacle (Fig. 8-16a). We 
wish to calculate the apparent power of the system 
as well as the current supplied by the receptacle. 


source 





(a) 


is inductive, it absorbs reactive power; consequent- 
ly, the 5 kvar arrow flows from the source to the 
load. On the other hand, because load C represents 
a capacitor, it delivers reactive power to the sys- 
tem. The 6 kvar arrow is directed accordingly. 

The distinct nature of active and reactive power 
enables us to add all the active powers in a circuit 
to obtain the total active power P. In the same 
way, we can add all the reactive powers to obtain 
the total reactive power Q. The resulting total ap- 
parent power S is then found by Eq. (8-4): 

S = VP+@. 

When adding reactive powers, we assign a posi- 
tive value to those that are absorbed and a negative 
value to those that are generated (such as by a 
capacitor). In the same way, we assign a positive 
value to active powers that are absorbed and a neg- 


ative value to those that are generated (such as by 
an alternator). | 


source 





Figure 8-16 a. Example of grouped active and reactive loads. 


b. All loads are assumed to be directly connected to the 380 V receptacle. 


Using the power approach, we do not have to 
worry about the way the loads are interconnected. 
We simply draw a block diagram of the individual 
loads, indicating the direction of active and reac- 
tive power flow (Fig. 8-16b). Thus, because load A 


Note that usually we cannot add the apparent 
powers in various parts of a circuit to obtain the 
total apparent power S. We can only add them if 
their power factors are identical. 

Let us now analyze the circuit of Fig. 8-16: 
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1. active power absorbed by the system: 
P = (2+84+14)=+24 kW 
2. reactive power absorbed by the system: 
Q, = (5+7+8)=+20 kvar 
3. reactive power supplied by the capacitors: 
QO, = (-9- 16) =- 25 kvar 
4. net reactive power QO absorbed by the system: 
QO = (+20-25)=-5kvar 
5. apparent power of the system: 
S = Vp?+ 02 = V24? + (-5)? = 24.5 kVA 
6. because the receptacle furnishes the apparent 
power, the line current is: 
I = S/E = 24500/380 = 64.5A 


source 





(b) 


Figure 8-16b. 


The receptacle delivers 24 kW of active power, 
but it receives 5 kvar of reactive power. This reac- 
tive power flows into the receptacle and out over 
the local distribution system of the electrical utili- 
ty company where it becomes available to create 
magnetic fields. The magnetic fields may be associ- 
ated with distribution transformers, transmission 
lines or even relays and electromagnets of other 
customers connected to the same distribution sys- 
tem. 


8-12 Reactive power without magnetic fields 


We sometimes encounter situations where loads 


absorb reactive power without creating any mag- 
netic field at all. This can happen in electronic 
power circuits when we delay the current flow by 
means of a rapid switching device, such as a thy- 
ristor. 

Consider, for example, the circuit of Fig. 8-17 
in which a 100 V, 60 Hz source is momentarily 
connected to a resistive load of 10 (2 by means of 
a synchronous switch. The switch opens and closes 
its contacts so that current only flows during the 
latter part of each half cycle. We can see, almost 
by intuition, that this forced delay causes the cur- 
rent to lag behind the voltage. Indeed, if we con- 
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Figure 8-17 Reactive power in switched loads having no 
magnetic field. 


nected a wattmeter and varmeter between the 
source and the switch, they would respectively 
read + 500 W and + 318 var, which corresponds to 
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a lagging power factor of 84 percent. The reactive 
power is associated with the rapidly operating 
switch rather than with the resistor itself. Never- 
theless, reactive power is consumed just as surely 
as if an inductor were present in the circuit. 


8-13 Solving AC circuits 


We have seen that active and reactive powers can 
be added algebraically. This enables us to solve 
some rather complex ac circuits without ever 
having to draw a phasor diagram. We calculate the 
active and reactive powers associated with each cir- 
cuit element and deduce the corresponding volt- 
ages and currents. 


8 22 
® | @ 


300 V 122 


2. Ip= 60/12 =5A, from which 
P = 5x60 = 300 W. 
3. apparent power supplied to terminals 1 - 3: 


S = VP? + Q? = V3007 + (- 720)? 


780 VA. 

4. current/, = S/Ex = 780/60 = 13A. 

5. voltage across the inductance: 
fo43 = 13x 8 = 104 V. 

6. reactive power absorbed by the inductance: 
Or = E43 XT. = 104x 13 

= + 1352 var. 

7. total reactive power absorbed the circuit: 

QO = +1352 - 720 = +632 var. 


700 VA S = 780VA 


r~- @ 





Figure 8-19 Solving ac circuits by the active/reactive power method. 


Example 8-6: 

Calculate the impedance of the circuit shown in 
Fig. 8-19a and determine the current flowing in 
the resistor if £, = 300 V. 


Solution: 
The impedance of a circuit is independent of the 
voltage applied to its terminals. We can therefore 
assume a voltage across the terminals of an appro- 
priate circuit element and, by successive deduction, 
calculate the voltages and the currents in all the 
other elements. Thus, let us suppose a voltage of 
60 V between terminals 3 and 1 (Fig. 8-19b). We 
then proceed in logical steps, as follows: 

1. Ig = 60/5 =12A, from which 

Oc = 12x 60 = - 720 var. 


8. total active power absorbed by the circuit: 
P = 300 W. 
9. apparent power absorbed by the circuit: 


S. = V 3007 + 6327 = 700 VA. 


10. voltage £, = S/I, = 700/13 = 53.8 V. 


11. impedance between terminals 2-1: 
Z = E/T, = 53.8/13 = 4.14. 


The actual current in the resistor can be found by 
simple proportion. Because 53.8 V between termi- 
nals 2-1 produces a current of 5 A in the resistance, 
it follows that a voltage of 300 V will yield: 

IR = 5A (300/53.8) = 27.9A 
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QUESTIONS AND PROBLEMS 


Practical level 


8-1 


8-2 


8-3 


8-4 


8-5 


What is the unit of active power? reactive 
power? apparent power? 

A capacitor of 500 kvar is placed in parallel 
with an inductor of 400 kvar. Calculate the 
apparent power of the group. 

Name a static device which can generate 
reactive power. | 

Name a static device which absorbs reactive 
power. 

What is the approximate power factor, in 
percent, of a capacitor? of acoil? of an in- 
candescent lamp? 


Intermediate level 


8-6 


8-7 


8-8 


8-9 


8-10 


The current in a single-phase motor lags 50° 

behind the voltage. What is the power factor 

of the motor? 

A large motor absorbs 600 kW at a power 

factor of 90 percent. Calculate the apparent 

power and reactive power absorbed by the 

machine. 

A 200 UF capacitor is connected to a 240 V, 

60 Hz source. Calculate the reactive power it 

generates. 

A 10 Q resistor is connected across a 120 V, 

60 Hz source. Calculate: 

a. the active power absorbed by the resistor: 

b. the apparent power absorbed by the resis- 
tor; 

c. the peak power input to the resistor: 

d. the duration of each positive power pulse. 

A 10 {2 reactance is connected to a 120 V, 

60 Hz line. Calculate: 

a. the reactive power absorbed by the reac- 
tor; 

b. the apparent power absorbed by the reac- 
tor; 

c. the peak power input to the reactor: 


d. the peak power output of the reactor; 
e. the duration of each positive power pulse. 


8-12 


8-13 


8-14 


8-15 


8-16 


3-17 


8-18 


Determine which of the devices in Figs. 

8-20a through 8-20f acts as an active (or re- 

active) power source. 

A single-phase motor draws a current of 

12 A at a power factor of 60 percent. Calcu- 

late the in-phase and quadrature components 

of current [py and Iq with respect to the line 

voltage. 

A single-phase motor draws a current of 

16 A from a 240 V, 60 Hz line. A wattmeter 

connected into the line gives a reading of 

2765 W. Calculate the power factor and the 

reactive power absorbed by the machine. 

If a capacitor having a reactance of 30 22 is 

connected in parallel with the motor of 

problem 8-13, calculate: 

a. the active power reading of the wattmeter;: 

b. the total reactive power absorbed by the 
Capacitor and motor; 

c. the apparent power of the ac line; 

d. the line current; 


e. the power factor of the motor/capacitor 


combination. 
Using only power concepts and without 
drawing any phasor diagrams, find the im- 
pedance of the circuits in Fig. 8-21. 
An induction motor absorbs an apparent 
power of 400 kVA at a power factor of 80 
percent. Calculate: 
a. the active power absorbed by the motor; 
b. the reactive power absorbed by the motor; 
c. what purpose does the reactive power 
serve? 
A circuit composed of a 12 22 resistor in se- 
ries with an inductive reactance of 5 Q car- 
ries an ac current of 10 A. Calculate: 
a. the active power absorbed by the resistor; 
b. the reactive power absorbed by the induc- 
tor; 
c. the apparent power of the circuit; 
d. the power factor of the circuit. 
A coil having a resistance of 5 Q and an in- 
ductance of 2H carries a direct current of 
20 A. Calculate: 
a. the active power absorbed; 
b. the reactive power absorbed. 
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Figure 8-21 


Advance level 


8-19 A motor having a power factor of 0.8 
absorbs an active power of 1200 W. Calcu- 
late the reactive power drawn from the line. 

8-20 In Problem 8-13, if we place a capacitor of 
500 var in parallel with the motor, calculate: 
a. the total active power absorbed by the 

system; 
b. the apparent power of the system; 
the power factor of the system. 


2 {2 
O lh 
(b) 





See Problem 8-15. 


8-21 A coil having a reactance of 10 {2 and a re- 
sistance of 2 {2 is connected in parallel with 
a capacitive reactance of 10 {2. If the supply 
voltage is 200 V, calculate: 
a. the reactive power absorbed by the coil; 
b. the reactive power generated by the ca- 

pacitor; 

the active power dissipated by the coil; 

. the apparent power of the circuit; 


O. 
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8-22 The power factor at the terminals of a 120 V 


source is 0.6 lagging (Fig. 8-22). Without 


using phasor diagrams, calculate: 
a. the value of £: 
b. the impedance of the load Z. 


2&2 39 





Figure 8-22 See Problem 8-22. 


8-23 In Figs. 8-23a and 8-23b, indicate the magni- 
tude and direction of the active and reactive 
power flow. Hint: decompose J into Ip and 


Iq and treat them independently. 


[<—__ 


30° E=120V 


I=5A (b) 





(a) 


Figure 8-23 See Problem 8-23. 





THREE-PHASE 
CIRCUITS 


Electric power is generated, transmitted and dis- 

tributed in the form of three-phase power. Homes 

and small establishements are wired for single-phase 

power, but this merely represents a tap-off from 

the basic three-phase system. Three-phase power is 

preferred over single-phase power for several im- 

portant reasons: 

a. 3-phase motors, generators and transformers are 
simpler, cheaper and more efficient; 

b. 3-phase transmission lines can deliver more 
power for a given weight and cost; 

c. the voltage regulation of 3-phase transmission 
lines is inherently better. 

A knowledge of 3-phase power and 3-phase cir- 
cuits is therefore essential to an understanding of 
power technology. Fortunately, the basic circuit 
techniques used to solve single-phase circuits can 
be directly applied to 3-phase circuits. Further- 
more, we shall see that the vast majority of 3-phase 
circuits can be reduced to elementary single-phase 
diagrams. In this regard, we assume the reader is 
familiar with the previous chapters dealing with ac 
circuits and power. 
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9-1 Polyphase systems 
We can gain an immediate preliminary understand- 
ing of polyphase systems by referring to the com- 
mon gasoline engine. A single-cylinder engine 
having one piston is comparable to a single-phase 
machine. On the other hand, a two-cylinder engine 
is comparable to a 2-phase machine. The more 
common six-cylinder engine could be called a six- 
phase machine. In a six-cylinder engine, identical 
pistons move up and down inside identical cylin- 
ders, but they do not move in unison. They are 
staggered in such a way so as to deliver power to 
the shaft in successive pulses rather than at the 
same time. As the reader may know from personal 
experience, this produces a smoother running en- 
gine and a much smoother output torque. 
Similarly, in a 3-phase electrical system, the 
three phases are identical, but they deliver power 
at different times. As a result, the power flow is 
very smooth. Furthermore, because the phases are 
identical, one phase may be used to represent the 
behavior of all three. 
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stator winding A 





winding B 


\ 


Figure 9-1 a. Two-phase alternator. 


Although we must beware of carrying analogies 
too far, the above description reveals that a three- 
phase system is basically composed of three single- 
phase systems which operate in sequence. Once 
this basic fact is realized, much of the mystery 
surrounding 3-phase systems disappears. 


9-2  Two-phase alternator 


In reviewing the single-phase alternator in Section 
2-10, we saw that an ac voltage is induced in the 
stator winding when it is cut by the flux of a re- 
volving magnet. The magnet is driven by an exter- 
nal mechanical source, such as a turbine. Let us 
mount a second winding on the stator, identical to 
the first, but displaced from it by a mechanical 
angle of 90° (Fig. 9-1a). 

As the magnet rotates, sinusoidal voltages are 
induced in each winding. They obviously have the 
same magnitude and frequency, but they do not 
reach their maximum value at the same time. In 
effect, at the moment when the magnet occupies 
the position shown in Fig. 9-1a, voltage F'41 passes 
through its maximum positive value, whereas volt- 
age Epa is zero. This is because the flux only cuts 
across the conductors in slots 1 and a at this in- 
stant. However, after the rotor has made one quar- 
ter turn (or 90°), voltage Ea, becomes zero and 
voltage Ez attains its maximum positive value. 
The two voltages are therefore out of phase by 
90°. They are represented as curves in Fig. 9-1b 
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b. Voltages induced in a 2-phase alternator. c. Phasor diagram 


and as phasors in Fig. 9-1c. Note that Fa, leads 
E'p2 because it reaches its peak positive value be- 
fore Epo does. 

This machine is called a two-phase a/ternator, 
and the stator windings are respectively called 
phase A and phase B. 


Example 9-1: 

The alternator shown in Fig. 9-1a rotates at 
6000 r/min and generates an effective sinusoidal 
voltage of 170 V per winding. Calculate: 

a. the peak voltage across each phase; 

b. the output frequency; 


c. the time interval corresponding to a phase angle 
of 90°. 


Solution: 
a. The peak voltage per phase is: 


Em = V2 E = 1.414x 170 
= 240 V 
b. One cycle is completed every time the magnet 
makes one turn. The period of one cycle is: 
I’ =1/6000 min = 60/6000s = 0.01 s 


Eq. 7-8 


=10 ms 
The frequency is: 
f =1/T = 1/0.01 = 100 Hz 


c. A phase angle of 90° corresponds to a time in- 
terval of one quarter revolution or 10 ms/4 = 
2.5 ms. Consequently, phasor Epo lags 2.5 ms 
behind phasor F'a4. 


Let us now connect two identical resistive loads 
across phases A and B (Fig. 9-2a). Currents J, and 
Ip will flow in each resistor, respectively in phase 
with Eg, and Epo. The currents are therefore 90° 
out of phase with each other (Fig. 9-2b). This 
means that Jy reaches its maximum value one quar- 
ter period before /p does. Furthermore, the alter- 
nator now produces a power output. 


load on phase A 





load on phase B 
(a) Eat 


Figure 9-2. a. Two-phase alternator under load. 


b. Phasor diagram of 2-phase alternator. 


9-3. Power output of a 2-phase alternator 


The instantaneous power supplied to each resistor 
is equal to the instantaneous voltage times the in- 
stantaneous current. This yields the power waves 
shown in Fig. 9-3. Note that when the power of 
phase A is maximum, that of phase B is zero, and 
vice-versa. If we add the instantaneous powers of 
both phases, we discover that the resultant power 
is constant, and equal to the peak power Pm of 
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one phase. In other words, the total power output 
of the 2-phase alternator is the same at every in- 
stant. As a result, the mechanical power needed to 
drive the alternator is also constant. 


9-4 Three-phase alternator 


A three-phase alternator is similar to a two-phase 


peak power = E, /, = Pm 
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Figure 9-3 Power produced by a 2-phase alternator. 


alternator, except that the stator has three identi- 
cal windings instead of two. The three windings 
a-1, b-2 and c-3 are placed at 120° to each other, 
as shown in Fig. 9-4a. 

When the magnet is rotated at constant speed, 
the voltages induced in the three windings have the 
same effective values, but the peaks occur at dif- 
ferent times. In effect, at the moment when the 
magnet occupies the position shown in Fig. 9-4a, 
only voltage fg is at its maximum position value. 
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(a) 


Figure 9-4 a. Three-phase alternator. b. Voltages induced in a 3-phase alternator. 


Voltage Ep will reach its positive peak after the 
rotor has turned through an angle of 120° (or one 
third of a turn). Similarly, voltage #3 will attain 
its positive peak after the rotor has revolved 
through 240° (or two-thirds of a turn) from its 
initial position. 

Consequently, the three stator voltages, Fg, 
Epo and F'g3 are respectively out of phase by 120°. 
They are shown as sine waves in Fig. 9-4b, and as 
phasors in Fig. 9-4c. 

Let us connect the three windings of the alter- 
nator to three identical resistors. This arrangement 
requires six wires to deliver power to the individu- 
al single-phase loads (Fig. 9-5a). The resulting cur- 
rents Ja, [pb and Ig are respectively in phase with 
voltages F'a1, Epo and E¢3. Because the resistors 
are identical, the currents have the same effective 


i 


a 





Figure 9-5 a. Three-phase, 6-wire system. 





c. Phasor diagram 


values, but they are mutually out of phase by 120° 
(Fig. 9-5b). The fact that they are out of phase 
simply means that they reach their positive peaks 
at different times. 


9-5 Power output of a 3-phase alternator 


The instantaneous power supplied to each resistor 
is again composed of a wave which surges between 
zero and a maximum value Py. However, the pow- 
er peaks in the three resistors do not occur at the 
same time, owing to the phase angle between the 
voltages. If we add the instantaneous powers of all 
three resistors, we discover that the resulting pow- 
er is constant, and has a magnitude of 1.5 Pm. As 
is the case of a 2-phase alternator, the instantane- 
ous output of a 3-phase alternator is constant. This 





(b) 


b. Corresponding phasor diagram. 


also means that the power flow over the transmis- 
sion line, connecting the alternator to the load, is 
constant. Finally, the mechanical power required 
to drive the rotor is also constant. 


Example 9-2: 

The 3-phase alternator shown in Fig. 9-5a is con- 
nected to three 20 Q2 load resistors. If the voltage 
induced in each phase is 120 V, calculate: 

a. the power dissipated in each resistor; 


. the power dissipated in the 3-phase load; 


b 
c. the peak power Pry dissipated in each resistor; 
d. the total 3-phase power compared to Pm. 


Solution: 


a. Each resistor behaves as a single-phase load sub- 


jected to an effective voltage of 120 V. The 
power dissipated in each resistor is therefore: 
P = E*/R = 1207/20 
= =720W 
b. The power dissipated in the 3-phase load (all 
three resistors) is obviously: 
P3; = 3P = 3x 720 
= 2160W 
This power is constant and does not vary from 
instant to instant. 
c.1 The peak voltage across one resistor Is 


Em = J2E = V2 x 120 


169.7 V 


c.2 The peak current in each resistor is: 
Im =F'y,/R = 
= 8485A 


169.7/20 










neutral conductor 
Ip Ce 


(a) 


Figure 9-6 a. Three-phase, 4-wire system. 
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c.3 The peak power in each resistor is: 
Pm =Emlm = 169.7 x 8.485 
= 1440 W 
d.3 The ratio of P3 to Pr is: 
P3/Pr = 2160/1440 
= 15 — 
Thus, whereas the power in each resistor pul- 
sates between zero and a maximum of 
1440 W, the total power for all three resis- 
tors is unvarying and equal to 2160 W. 


9-6 Wye connection 


The three single-phase circuits of Fig. 9-5 are elec- 
trically independent. Consequently, we can con- 
nect the three return conductors together to form 
a single return conductor (Fig. 9-6a). This reduces 
the number of transmission line conductors from 6 
to 4. The return conductor, called neutral conduc- 
tor (or simply, neutral), carries the sum of the 
three currents (J, + Jp + J,). At first, it seems that 
the cross section of the neutral conductor should 
be three times that of lines a, b, and c. However, 
the diagram of Fig. 9-6b. clearly shows that the 
sum of the three return currents is zero at every 
instant. For example, at the instant corresponding 
to 240°, Ig = +Imax and Ip = Ig = - 0.5 Imax, 
making Ig t/p +1, = 0. 

We can therefore remove the neutral wire alto- 
gether without in any way affecting the voltages or 
currents in the circuit (Fig. 9-7). In one stroke, we 
accomplish a great saving because the number of 
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b. Line currents in 3-phase, 4-wire system. 
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neutral of 


1, 2, 3,] neutral of the source the toad 


Figure 9-7 Three-phase, 3-wire system. 


line conductors drops from six to three! However, 
the loads in Fig. 9-6a must be identical in order to 
remove the neutral wire. If the loads are not iden- 
tical, the absence of the neutral conductor pro- 
duces unequal voltages across the three loads. 

The circuit of Fig. 9-7, composed of the alter- 
nator, transmission line and load, is called a 
S-phase, 3-wire system. The alternator, as well as 
the load, are said to be connected in wye, because 
the three branches ressemble the letter Y. For 
equally obvious reasons, some people prefer to use 
the term “connected in star’’. 

The circuit of Fig. 9-6a is called a 3-phase, 
4-wire system. The neutral conductor in such a 
system is usually about the same size as the line 
conductors. Three-phase, 4-wire systems are wide- 
ly used to distribute electric power in commercial 
and industrial buildings. The line conductors are 
often called phases, which is the same term applied 
to the alternator windings. * 


* The term “phase” is used to designate different things. 
Consequently, it has to be read in context to be under- 
stood. The following examples show some of the ways 
in which the word ‘‘phase” is used. 

1. the current is out of phase with the voltage (refers 
to phasor diagram); 

2. the three phases of a transmission line (meaning 
the three conductors of the line); 

3. the phase-to-phase voltage (meaning line voltage); 

4. the phase sequence (the order in which the phasors 
follow each other): 

5. the burned-out phase (the burned-out winding of a 
3-phase machine); 


6. the three-phase voltage (the line voltage of a 3-phase 


9-7 Voltage relationships 


Consider the wye-connected armature windings of 
a 3-phase alternator (Fig. 9-8a). The induced volt- 
age in each winding has an effective value E|.\ and 
the corresponding phasor diagram is shown in Fig. 
9-8b. Knowing that the line-to-neutral voltages are 
Ean, Epn and Een the question is, what are the 
line-to-line voltages E'ab, Ebc and Egg? We can 
write the following equations, based on Kirchhofft's 
voltage law: 


Fab = Ean t+ Enb (9-1) 
= Ean - £bn (9-1) 
Eye = Epn t+ Enc (9-2) 
= Epn - Een (9-2) 
Eca= Ecn+£Fna (9-3) 
= Een - Ean (9-3) 


Referring first to Eq. 9-1, we draw BNee Fab ex- 
actly as the equation indicates: 
Fab = Ean -Ebn = Ean t (-Ebn) 

The resulting phasor diagram shows that line 
voltage E'ah leads Egy by 30° (Fig. 9-8c). Using 
simple trigonometry, and based upon the fact that 
the length of the line-to-neutral phasors is Ein, we 
have: 

length EZ, of phasor Fah = 2x E_n cos 30° 


Ey 2x Ein /V3/2 
V3 Ein 


II 


system); 

7. the 3-phase currents are unbalanced (the currents 
in a 3-phase line or machine are unequal and not 
displaced at 120°): 

8. phase-shift transformer (a device which can change 
the phase angle of the output voltage with respect 
to the input voltage) ; 

9. phase-to-phase fault (a short circuit between two 
line conductors); 

10. phase-to-ground short (a short circuit between a 
line, or winding, and ground): 

11. the phases are unbalanced (the line voltages, or the 
line currents, are unequal or not displaced at 120° 
to each other). 


Figure 9-8 a. 


(b) 





Wye-connected stator windings of a 3- 
phase alternator. 


b. Line-to-neutral voltages. 


# 


Method to determine line voltage F'ap. 
Line voltages Fab, Ebc, Eca are equal and 
displaced at 120°. 
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The line-to-line voltage (or line voltage) is therefore 
/3 times greater than the line-to-neutral voltage: 


By, = /3 Ein (9-4) 
where 


E\. = effective value of the line voltage [V] 
E.n = effective value of the line-to-neutral 
voltage [V] 


./3 = aconstant [approximate value = 1.73] 


Owing to the symmetry of a 3-phase system, we 
conclude that the line voltage across any two alter- 
nator terminals is equal to \/3 Ey. The truth of 
this can be seen by referring to Fig. 9-8d, which 
shows phasors Epc and Egg. The phasors are drawn 
according to Eqs. 9-2 and 9-3, respectively. The 
line voltages are equal in magnitude and mutually 
displaced by 120°. 





173 V 100 V 173 V 


Figure 9-9 Voltages induced in a wye-connected alternator. 


To further clarify these results, Fig. 9-9 shows 
the voltages between the terminals of a 3-phase 
alternator whose line-to-neutral voltage is 100 V. 
The line voltages are all equal to 100./3 or 173 V. 
The voltages between lines a, b, c constitute a 
3-phase system, but the voltage between any two 
lines (a and b, b and cc, b and n, etc.) is nevertheless 
an ordinary single-phase voltage. 


Example 9-3: 

A 3-phase 60 Hz alternator, connected in wye, 
generates a line voltage of 23 900 V. Calculate: 

a. the line-to-neutral voltage; 

b. the voltage induced in the individual windings; 
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c. the time interval between the positive peak 
voltage of phase A and the positive peak of 
phase B; 

d. the peak value of the line voltage. 


Solution: 
a En = EL/V3 = 23 900/1.73 
=13 800 V 

b. The windings are connected in wye; conse- 
quently, the voltage induced in each winding is 
13 800 V. 

c. One complete cycle corresponds to 1/60s, or 
360°. Consequently, a phase angle of 120° cor- 
responds to an interval of 

120. 1 


360 x ag 1/180 s, or 5.55 ms. 


Eq. 9-4 


The positive peaks are therefore separated by 
intervals of 5.55 ms. 
d. The peak line voltage is: 


Em= V2 FE, = 1.414 x 23 900 
= 33800 V 


Eq. 7-8 


The same voltage relationships exist in a wye- 
connected load, such as that shown in Figs. 9-6 
and 9-7. In other words, the line voltage is /3 
times the line-to-neutral voltage. 


Example 9-4: 

The alternator in Fig. 9-7 generates a line voltage 
of 865 V, and each load resistor has an impedance 
of 50 2. Calculate: 

a. the voltage across each resistor: 

b. the current in each resistor: 

c. the total power output of the alternator. 


Solution: 
a. E_n = E_/V3 = 865/1.73 
= 500 V 
b. Using Ohm’s law: 
I = E,nN/R = 500/50 
= 10A 
All the line currents are therefore equal to 10 A. 
c. Power absorbed by each resistor is: 
P= Ein I = 500 x 10 
= 5000 W 


Eq. 9-4 


The power delivered by the alternator to all 
three resistors is: 
P = 3x 5000 = 15kW 


9-8 Delta connection 


A 3-phase load is said to be balanced when the line 
voltages are equal and the line currents are equal. 
This corresponds to three identical impedances 
connected across the 3-phase line. This is the usual 
condition encountered in 3-phase circuits. 

The three impedances may be connected in wye 
(as we already have seen) or in de/ta (Fig. 9-10a). 








Eca 


Figure 9-10 a. Impedances connected in delta. 
b. Current phasor relationships. 


Let us now determine the voltage and current rela- 
tionships in such a delta connection,” assuming a 
resistive load. The resistors are connected across 
the line; consequently, resistor currents /;, I, and 
Iz are in phase with the respective line voltages 
Fab, Ec and Eg. The line voltages are produced 
by an external alternator (not shown). Further- 
more, according to Kirchhoff’s law, the line cur- 
rents are given by: 


Ig = I; - 13 (9-5) 
i=: tek (9-6) 
Ic = I3-T, (9-7) 


Referring first to Eq. 9-5, we draw phasor Jag exact- 
ly as the equation indicates. The resulting phasor 
diagram shows that J, leads J; by 30° (Fig. 9-10b). 
Using simple trigonometry and letting /z be the ef- 
fective resistor current, and /,_ the line current, we 
have: 

IL = 2xIzcos 30° 


2x I7V/3/2; 
= V3 Iz 


The line current is therefore /3 times greater than 
the current in each delta-connected load: 


LL = V31z (9-8) 
where 
I. = effective value of the line current [A] 
Iz = effective value of the current in a delta- 


connected load [A] 
a constant [approximate value = 1.73] 


The reader can easily determine the magnitude and 
position of phasors Jp and Ic, and observe that the 
three line currents are equal and displaced by 120°. 


* The connection is so named because it resembles the 
Greek letter A. 
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Table 9A summarizes the basic relationships 


between the voltages and currents in wye- 


connected and delta-connected loads. The relation- 
ships are valid for any type of circuit element (re- 
sistor, capacitor, inductor, motor winding, alter- 
nator winding, etc.) as long as the elements in the 
three phases are identical. In other words, the rela- 
tionships apply to any balanced 3-phase system. 


Example 9-5: 

Three identical impedances are connected in delta 
across a 3-phase 550 V line. If the line current is 
10 A, calculate: 

a. the current in each impedance; 

b. the value of each impedance [QQ]. 


550 V 





Figure 9-10 c. See Example 9-5. 


Solution: 
a. The current in each impedance is: 
Iz = 10/\/3 = 5.78A 


b. The voltage across each impedance is 550 V. 
Consequently, 
Z = E/Iz = 550/5.78 
95 QQ. 


9-9 Power transmitted by a 3-phase line 


The apparent power supplied by a single-phase line 


is equal to the product of the line voltage £ times 


the line current J. The question now arises: What is 
the apparent power supplied by a 3-phase line 
having a line voltage F and a line current J? 
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TABLE 9A 


Wye connection 





Figure 9-11 a. Impedances connected in wye. 


* The current in each element is equal to the line 
current J, 


¢ The voltage across each element is equal to the 
line voltage E divided by \/3 


* The voltage across the elements are 120° out of 
phase, 


* The currents in the elements are 120° out of 
phase. 


VOLTAGE AND CURRENT RELATIONSHIPS IN 3-PHASE CIRCUITS 


Delta connection 





b. Impedances connected in delta. 


¢ The current in each element is equal to the line 
current J divided by \/3 


* The voltage across each element is equal to the 
line voltage £, 


° The voltages across the elements are 120° out 
of phase, 


¢ The currents in the elements are 120° out of 
phase. 





If we refer to the wye-connected load of Fig. 
9-11a, the apparent power supplied to each imped- 
ance Is: 


S7= Fx 


The apparent power supplied to all three 
impedances is obviously three times as great.~ 
Consequently, 


= 2 
S = “pyxIx3 \/3 El 


The same result is obtained in the case of a 


delta-connected load (Fig. 9-11b). We therefore 
have: 


S = /3 El (9-9) 


~~ 
Il 


total apparent power delivered by a 
3-phase line [VA] | 
= effective line voltage [V] 
= effective line current [A] 


E 
I 
\/3 = aconstant [approximate value = 1.73] 


The relationship between active power P, reac- 
tive power Q, and apparent power S is the same 
for balanced 3-phase circuits as for single-phase cir- 
cuits. We therefore have: 


S = VP?+Q? (9-10) 
end 11) 


S = total 3-phase apparent power [VA] 
P = total 3-phase active power [W] 
QO = total 3-phase reactive power [var] 
cos 6 = power factor of the 3-phase load 
6 = phase angle between the line current and 
the line-to-neutral voltage [7] 


Example 9-6: 

A 3-phase motor, connected to a 440 V line, draws 
a line current of 5A. If the power factor of the 
motor is 80 percent, calculate: 

a. the apparent power; 

b. the active power, and 

c. the reactive power absorbed by the machine. 


Solution: 
a. The apparent power is: 


S = /3EI = 1.73x440x5 = 3810 VA 
= 3.81 kVA 
b. The active power is: 


P = Scos@ =3.81 x 0.80 
3.05 kW 


c. The reactive power is: 
Q = VS? - P? = V3.81? - 3.05? 
= 2.28 kvar. 


II 


* In 3-phase balanced circuits, we can add the apparent 
powers of the three phases because they have identical 
power factors. If the power factors are not identical, 
the apparent powers cannot be added. 
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9-10 Solving 3-phase circuits 


A balanced 3-phase load may be considered to be 
composed of three identical single-phase loads. 
Consequently, the easiest way to solve such a cir- 
cuit is to consider only one phase. The following 
examples illustrate the method to be employed. 


Example 9-7: 

Three identical resistors are connected in wye 
across a 3-phase 550 V line, dissipating a total 
power of 3000 W (Fig. 9-12). Calculate: 

a. the current in each line; 

b. the value of each resistance. 


550 V 
3-phase 
60 Hz line 





Figure 9-12 See Example 9-7. 


Solution: 
a. Power dissipated by each resistor: 
P = 3000W/3 = 1000 W 
Voltage across the terminals of each resistor: 
E = 550 V/1.73 = 318 V 
Current in each resistor: 
I = P/E = 1000 W/318 V = 3.15A 
The current in each line is also 3.15 A. 
b. Resistance of each element: 
R = Eff = 318/3.15 = 101 Q 


Example 9-8: 

In the circuit of Fig. 9-13, calculate: 

a. the current in each line; 

b. the valtage across the inductor terminals. 


Solution: 
a. Each phase is composed of an inductive react- 
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440 V 
3-phase line 
Figure 9-13 See Example 9-8. 
ance X; = 4Q in series with a resistance 


R = 3 Q2. Consequently, the impedance of each 
phase Is: 


Z = V4?4+3?=50 
The voltage across each phase is: 
Ein = 440 V/1.73 = 254 V 
The current in each circuit element is therefore: 
[I = 254/5 = 50.8A 


This is also the line current. 
b. The voltage across each inductor is: 
f= 1X, =50.8x4 
203.2 V 


Eq. 7-15 


Example 9-9: 

A 3-phase 550 V, 60 Hz line is connected to three 
identical capacitors connected in delta (Fig. 9-14). 
If the line current is 22 A, calculate the capaci- 
tance of each capacitor. 





22 A Cc 


Figure 9-14 See Example 9-9. 


Solution: 
The current in each capacitor is: 
I = 22 A/1.73 = 12.7A 
Voltage across each capacitor = 550 V 
Capacitive reactance X¢ of each capacitor: 
Xe = 550/12.7 = 43.39 


The capacitance is: 
C = 1/2nfX¢ = 1/(27 x 60 x 43.3) 
= 61.3 UF 


9-11 Indeterminate loads 


In many cases, we do not know whether a 3-phase 
load is connected in delta or in wye. For example, 
3-phase motors, alternators, transformers, capaci- 
tors, etc., often have only three external terminals, 
and there is no way to tell how the internal con- 
nections are made. Under these circumstances, we 
simply assume that the connection is in wye. (A 
wye connection is slightly easier to handle than a 
delta connection.) 

In a wye connection, the impedance per phase 
is understood to be the line-to-neutral impedance. 
The voltage per phase is simply the line voltage 
divided by /3. Finally, the current per phase is 
equal to the line current. 

The assumption of a wye connection can be 
made not only for individual loads, but for entire 
load centers comprising motors, lamps, heaters, 
furnaces, and so forth. We simply assume that the 
load center is connected in wye, and proceed with 
the usual calculations. 


Example 9-10: 

A manufacturing plant draws 415 kVA from a 

2400 V 3-phase line (Fig. 9-15a). If the plant pow- 

er factor is 87.5 percent lagging, calculate: 

a. the impedance of the plant, per phase; 

b. the phase angle between the phase voltage and 
phase current; 

c. the complete phasor diagram for the plant. 


Solution: 
a. 1 We assume a wye connection composed of 
three identical impedances Z (Fig. 9-15b).. 
a.2 The voltage per phase is: 
E = 2400/1.73 
1390 V 
a.3 The current per phase is: 
I = S/1.73 E = 415 000/1.73 x 2400 
= 100A Eq. 9-9 


a. 4 


3-phase line 


2400V 





Fy =87.5% 


(a) 





Ib 


En 





Figure 9-15 a. See Example 9-10. 
b. Equivalent wye connection. 


c. Phasor diagram. 


The impedance per phase is: 
Z = E/I = 1390/100 = 13.9 82 
The phase angle 8 between the line-to-neutral 
voltage (1390 V) and the corresponding line 
current (100 A) is given by: 
cos 8 = 0.875 
[6 = 2a 
The current in each phase lags 29° behind 
the respective phase voltage. 
The complete phasor diagram is shown in 
Fig. 9-15c. In practice, we would show only 
one phase. 


Eq. 9-11 
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Example 9-11: 

A 5000 hp wye-connected motor is connected to a 

4000 V, 3-phase, 60 Hz line (Fig. 9-16). A delta- 

connected capacitor bank rated at 1800 kvar is 

also connected to the line. If the motor produces 

an output of 3594 hp at an efficiency of 93 per- 

cent and a power factor of 90 percent (lagging), 

calculate: 

a. the active power absorbed by the motor; 

b. the reactive power absorbed by the motor; 

c. the reactive power supplied by the transmission 
line; 

d. the apparent power supplied by the transmis- 
sion line; 

e. the transmission line current; 

f. the motor line current. 

g. Draw the complete phasor diagram for one 
phase. 


[==> Om 






4000 V 
3-phase aa: 1 
3594 HP 

n = 93% 
Fy = 90% 


1800 kvar 


Figure 9-16 See Example 9-11. 


Solution: 
a. 1 Power output of 3594 hp is equivalent to: 
P,= 3594x 0.746 = 2681 kW 
a.2 Active power input to motor: 
P,= P,/n = 2681/0.93 
= 2883 kW 
b. 1 Apparent power absorbed by the motor: 
Sm = P/cos@ = 2883/0.90 
= 3203 kVA 
b.2 Reactive power absorbed by the motor: 


Om = VSm?~- P12 = V3203? - 28837 
m 


= 1395 kvar 


Eq. 3-6 
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c.1 Reactive power supplied by the capacitor 
bank: 
Qo = 1800 kvar 
c.2 Reactive power returned to the transmission 
line: 
OL = Qc-OQm = 1800 - 1395 
405 kvar 
d. Apparent power supplied by the line: 


Si = VQ,2+P,2 = V405? + 2883? 


2911 kVA 
e. Transmission line current: 
LL = SL/1.73 Ey 
2 911 000/(1.73 x 4000) 


Eq. 9-9 


= 420A 

f. Motor line current: 
= 3203 000/(1.73 x 4000) 
= 462A 


g. 1 The line-to-neutral voltage for one phase: 
Ein = 4000/1.73 = 2312 V 

g.2 Phase angle @ between the motor current 
and the line-to-neutral voltage: 
cos@ = 0.9 

. 6 = 25.8° 

(The motor current lags behind the voltage 
as shown in Fig. 9-17a.) 


g.3 Line current drawn by the capacitor bank: 
Ic = Q0-/1.73 Ey 

1 800 000/(1.73 x 4000) 

260 A 


Where should phasor Jc be located on the phasor 
diagram? The question is important because the 
Capacitors are connected in delta, and we assumed 
a wye connection for the motor. This situation can 
create problems if we try to follow the actual cur- 
rents in the capacitor bank. The solution is to rec- 
ognize that if the capacitors were connected in 
wye (while generating the same reactive power) 
the line current of 260 A would lead Ey by 90°. 
Consequently, we draw Ic 90° ahead of Ein. 


g.4 Phase angle 0; between the transmission line 


4000 V} 
3-phase 





1800 kvar 


Figure 9-17 a. Phasor relationships for one phase. 
b. Line currents, Example 9-11. 


current and £ yy is: 


cos 0 = P,/Si = 2883/2911 


i =< 

The line current (420 A) leads E,y by 8 
because the kvars supplied by the capacitor 
bank exceed the kvars absorbed by the mo- 
tor. 

g.5 The phasor diagram for one phase is shown 
in Fig. 9-1 7a. 

g.6 The circuit diagram is shown in Fig. 9-17b. 


We want to bring to the reader's attention the im- 
portance of assuming a wye connection, irrespec- 
tive of the actual connection used. By assuming a 
wye connection for all circuit elements, we simpli- 
fy the calculations and eliminate confusion. 

As a final remark, the reader has no doubt no- 
ticed that the solution of a 3-phase problem in- 
volves active, reactive, and apparent power. Impe- 


dances such as resistors, inductors and capacitors 
do not often appear, and indeed, are not even 
needed to arrive at a solution. This is to be ex- 
pected because most industrial loads involve elec- 
tric motors, furnaces, lights, etc. which are seldom 
described in terms of resistance and reactances. 
They are usually represented as devices that draw 
a given amount of power at a given power factor. 

The situation is somewhat different in the case 
of 3-phase transmission lines. Here, we can define 
resistances and reactances because the parameters 
are fixed. The same remarks apply to equivalent 
circuits describing the behavior of individual ma- 
chines such as induction motors, synchronous ma- 
chines, and so forth. In conclusion, the solution of 
3-phase circuits may involve either active and reac- 
tive power or R, L, C elements - and sometimes 
both. 


9-12 Phase sequence 


Consider a 3-phase source having terminals a, b, c. 
Let us assume that three resistors are connected 
across the terminals as shown in Fig. 9-18. Three- 
phase currents Ig, Ib, Jc wil flow in the wye- 
connected load, and each will attain a positive 
peak at successive intervals of time. If we use the 
positive peak of J, as a starting point, it is clear 
that the positive peaks of the currents will follow 
each other in either the sequence 


3-phase 
source 





Ebn 


Figure 9-18 Phase sequence of a 3-phase source. 
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Ig -Ip-Ic-Tla -Ip-L¢ gcaere 
or the sequence 
IE -I¢-Ib-Lg -Io-lb .ee 


(positive sequence) 
(negative sequence) 


A 3-phase source can therefore have two se- 
quences: one arbitrarily called positive, the other 
negative. The so-called phase sequence can be re- 
lated to the terminals of the source rather than to 
the current flow in an imaginary 3-phase load. 
Thus, the positive sequence above may be de- 
scribed by the sequence a-b-c-a-b-c... while 
the negative sequence may be designated by a -c- 
b-a-c-b... 

The sequence a-b-c... also means that the 
positive peaks of the line-to-neutral voltages follow 
each other in the sequence 

Fan -Ebn-£en--- (positive sequence) 

Similarly, the sequence a-c-b... means that 
the positive peaks of the line-to-neutral voltages 
follow each other in the sequence 

Ban-Ecn-L£bn--- (negative sequence) 


We can represent these two sequences by the 
phasor diagrams of Figs. 9-19a and 9-19b. The 
reader will recall that phasors are assumed to ro- 
rate counterclockwise; consequently, in Fig. 9-19a, 
the phasors do indeed cross the horizontal axis in 
the sequence Ean -Ebn-Lcn--- 

The neutral n refers to the neutral of the imagi- 


E'bn 


(a) (b) 
Een 


Figure 9-19 a. ‘’Positive’’ phase sequence. 
b. ‘Negative’ phase sequence. 
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Figure 9-20 a. ‘‘Positive’’ phase sequence for line voltages. 


nary load in Fig. 9-18. If the source happens to 
have a neutral, then Fig. 9-19 applies equally well 
to the source. But how can we designate the phase 
sequence if the source has no neutral? To answer 
the question, let us consider Fig. 9-19a, in which 
the line-to-neutral phasors have a “‘positive’’ phase 
sequence. We can derive the corresponding phasors 
for the line voltages by using Equations 9-1 to 9-3. 
These line phasors (shown in Fig. 9-20a) will also 
have a positive phase sequence. As they sweep past 
the horizontal axis in the conventional counter- 


clockwise direction, they follow the sequence 
Fab - Ebc - Eca-Eab-LEbc-.- 


If we compare this with the positive sequence 
a-b-c-a..., we see that the first subscript fol- 
lows the same sequence. As to the second sub- 
script, it follows the sequence b-c-a-b..., but 
this is obviously the same as the sequence a-b-c- 
a... We can therefore state the following rule: 


When using the double subscript notation, the se- 
quence of the first subscript and of the second 
subscript corresponds to the phase sequence of the 
source. 





(b) 


b. ‘Negative’’ phase sequence for line voltages. 


Example 9-12: 

In Fig. 9-12, the phase sequence of the source is 
known to be A - C - B. Draw the phasor diagram of 
the line voltages. 


Solution: 

a. The voltages follow the sequence A-C-B, 
which is the same as the sequence AC - CB- 
BA-AC ... Consequently, the line voltage se- 
quence is Eyc-Ecg-Epa and the corre- 
sponding phasor diagram is shown in Fig. 9-21. 


EBa 
Figure 9-21 See Example 9-12. 
Ece Enc 


Phase sequence is important because it determines 
a) the direction of rotation of 3-phase motors and 
b) whether one 3-phase system can be connected 
in parallel with another. Consequently, in 3-phase 


systems, phase sequence is as important as the fre- 
quency and voltage are. 

Fortunately, we can reverse the phase sequence 
by simply interchanging any two conductors of a 
3-phase line. Although this may appear to be a 
trivial change, it becomes a major problem when 
very large bus bars or high-voltage transmission 
lines have to be reversed. In practice, measures are 
taken so that such drastic changes do not have to 
be made at the last minute. The phase sequence of 
all major distribution systems is Known in advance, 
and any future connections are planned according- 
ly. 


9-13 Determining the phase sequence 
Special instruments are available to determine 


phase sequence, but we can also determine it by 
using two incandescent lamps and a capacitor. The 





Enc EBA 


Figure 9-22 a. Determining phase sequence using 
two lamps and a capacitor. 
b. Resulting phasor diagram. 


devices are connected in wye. If we connect the 
circuit to a 3-phase line (without connecting the 
neutral), one lamp will always burn brighter than 
the other. The phase sequence is in the order: 
bright lamp - dim lamp - capacitor. 
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Suppose, for example, that the capacitor - lamp 
circuit is connected to a 3-phase line as shown In 
Fig. 9-22a. Because the lamp connected to phase C 
burns more brightly, the phase sequence is C-B-A. 
The line voltages follow each other in the sequence 
CB-BA-AC, which is to say in the sequence icp, 
Epa, Eac. The corresponding phasor diagram is 
given in Fig. 9-22b. 


9-14 Unbalanced 3-phase loads 


Most 3-phase loads are reasonably well balanced, 
and so we can usually employ the circuit solutions 
covered in the previous sections. However, to solve 
unbalanced circuits, it is common practice to write 
the circuit equations using complex numbers 
(a + jb). We can also solve the circuits by using 
simple trigonometry. In applying this method, we 
have to follow some simple, definite rules: 


1. The phase sequence must be known. A change 
in sequence can produce entirely different line 
currents, even though the line voltages and 
loads are identical. 

2. The current in each single-phase load is assumed 
to flow in the same sense as the phase sequence. 

3. Three-phase loads that are balanced are broken 
up into three single-phase loads, having one- 
third the power rating, but possessing the same 
power factor. The single-phase loads are as- 
sumed to be connected in wye. 

4. The currents flowing in the individual single- 
phase loads are calculated, and the lag or lead 
situation is determined from the power factor. 
The current phasors are then drawn on the 
phasor diagram, in proper relationship (lag/lead) 
to their respective voltages. 

5. The line current in each phase is then found by 
applying Kirchhoff’s current law. 


Example 9-13: 

Three different loads are connected across a 480 V, 
3-phase line (Fig. 9-23). If the phase sequence is 
a-b-c, determine the value of the line currents 
and the phase angle between them. 
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24 kVA 
cos 6 = 0.5 
lagging 









24 kvar 
cos 8 =0 
lagging 






Figure 9-23 See Example 9-13. 


Solution: 


a. 1 


The current flow in each load is drawn in the 
Same sense as the phase sequence. Conse- 
quently, 7, flows in the direction a - b, i, in 
the direction b-c, and 73 in the direction 
c-a (Fig. 9-24). We cannot assign an arbi- 
trary direction to the current flow. 


50A 


13 





Figure 9-24 See Example 9-13. 


Next, we determine the phase angle of the 
current from the power factor of each load. 
Thus, referring.to Fig. 9-24, 

i, isin phase with E’'gp 

i, lags 90° behind Eg 

iz lags 60° behind E¢a (cos 60° = 0.5) 
The currents have the same magnitudes in all 
three loads. The value is obviously given by: 

I = S/E = 24000/480 = 50A 
We now draw the phasor diagram for the 
voltages, using the given sequence a-b-c 
(Fig. 9-25). 





a. 7 


Eb 


QO 


Figure 9-25 See Example 9-13. 


The respective load current phasors are then 
added to the phasor diagram. Note that: 

i, is in phase with E'ap 

i, lags 90° behind Epc 

iz lags 60° behind Ea 
The length of each phasor corresponds to a 
current of 50 A. 


All the line currents are shown as flowing 
towards the load (Fig. 9-24). Although we 
could assign an arbitrary direction to each, it 
is Common practice to adopt the current 
flow as shown. Applying Kirchhoff’s law, we 
find: 


I, = 1, -13 
Ip = ly - 1, 
Ic = 13-1 


By constructing the phasors graphically, 
according to these equations, we immediate- 
ly find the magnitude and position of the 
line currents (Fig. 9-25). Then, using simple 
trigonometry, we find: 


Tz = 50A, lagging 60° behind Fab 
Ib = 86.6 A, lagging 60° behind E'bc 
Ig = 70.7 A, lagging 105° behind Eg 


From this information, we find that: 
Ip lags 120° behind J, 
Ic leads Ig by 75° 
The results are summarized in Fig. 9-26. 





Figure 9-26 See Example 9-13. 


Example 9-14: 

A 3-phase delta-connected motor and a single ca- 
pacitor are connected to a 480 V, 3-phase source 
(Fig. 9-27). The motor draws 200 kVA at a power 
factor of 86.6 percent lagging and the capacitor 
supplies 48 kvar of reactive power. Furthermore, a 
23 kW lighting load is connected between phase a 
and neutral. If the phase sequence is a-b-c, de- 
termine the magnitude and phase angle of the line 
currents. 





200 kVA 
cos 6 = 0.866 
lagging 


Figure 9-27 See Example 9-14. 


Solution: 


a. 1 


To solve this problem, we essentially follow 
the same procedure as before. Current flow 
is drawn in the same sense as the phase se- 
quence; consequently, iq flows in the direc- 
tion a-b and is in the direction a-n (Fig. 
9-28). 


a. 2 


a. 3 
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However, the motor creates a problem be- 
cause it is connected (internally) in delta. We 
simply ignore this information and assume 
the motor is connected in wye. The apparent 
power and power factor remain unchanged. 
This has the advantage of creating an artifi- 
cial neutral N inside the motor. The line-to- 
neutral voltage in the motor is obviously the 
same as the line-to-neutral voltage of the 
source. As a result, currents 7, 72, 73 must 
flow in the direction shown in Fig. 9-28. 


2 240A 





Figure 9-28 See Example 9-14. 


The magnitudes of the various currents is 
easily found: 

= §4/3 8 

= 200 000/(1.73 x 480) 

240A 

Because cos 9 = 0.866, the motor currents 
lag 30° behind the respective line-to-neutral 
voltages. 


Imotor 


I, = Q/E = 48 000/480 
= 100A 
Current ig leads Eab by 90°. 
I; = P/E = 23 000/277 
= 83A 
Current is is in phase with Ean. 
We now draw the phasor diagram for the 
voltages, using the given sequence a- b-c. In 
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—+> 240A 





Figure 9-28 See Example 9-14. 


this case, it is preferable to draw the line-to- 
neutral phasors first (Fig. 9-29). The line 
voltage phasors are then constructed accord- 
ing to Equations 9-1 to 9-3. 


ls Le 





Figure 9-29 See Example 9-14. 


a.4 The current phasors are now added to the 
phasor diagram using the results given in a. 2. 
Thus, 

i, lags Ban by 30° 
Iz lags En by 30° 


a.5 





iz lags Een by 30° 

i, leads Fah by 90° 

is is in phase with Ean 
The line currents are found by applying 
Kirchhoff’s law. Thus, referring to Fig. 9-28, 
we find: 


Ip = ly - 14 
la = itigtis 
[cg = 13 


We can construct these phasors graphically, 
by drawing them to scale, or we can solve 
the problem by simple trigonometry. For 
example, to find /3, the phasors are con- 
structed as shown in Fig. 9-30. The horizon- 
tal component of Ja is: 

| Jz | 20 = 240 cos 30 + 83 + 100 cos 120 
240.8 A : 
The vertical component of J/g is: 

| Ig | / 90° = 240 sin (= 30) + 100 sin 120 


= 33.4A 
Consequently, | J, | = V249.8? + 33.4? 
= 243A 
6,=7.9° reference axis 
\ 


100 A A 120° 
240 A /- 30° 






83 A /0° 


Figure 9-30 See Example 9-14. 


The phase angle of Jz with respect to the re- 
ference (horizontal) axis is: 

64 = arc tan (- 33.4/240.8) 

= 7,9° 
Using the same method to calculate Jp and 
Ic, we find: 

Ip = 260A, lagging 7.4° behind Epp 

I, = 240A, lagging 30° behind Een 
Ip lags almost exactly 120° behind Ig. 
Ig lags 142.6° behind Jp. 


QUESTIONS AND PROBLEMS 


Practical level 


9-1 


9-2 


9-3 


9-4 


9-5 


9-6 


9-8 


A 3-phase wye-connected alternator gener- 
ates 2400 V in each of its windings. Calcu- 
late the line voltage. 

The alternator in Fig. 9-4 generates a peak 

voltage of 100 V per phase. 

a. Calculate the instantaneous voltage be- 
tween terminals 1a at 0°, 90°. 120°, 240° 
and 330°; 

b. What is the polarity of terminal a with re- 
spect to terminal 1 at each of these in- 
stants? 

c. What is the instantaneous value of the 
voltage across terminals 2b at each of 
these same instants? 

Referring to Fig. 9-4c, voltage Epa is 120° 

behind voltage F'g;. Could we also say that 

Eg is 240° ahead of Fay? 

The voltage between lines a - b - c of Fig. 9-7 

is 620 V. 

a. What is the voltage across each resistor? 

b. If R = 15 Q, what is the current in each 
line? 

c. Calculate the power supplied to the 
3-phase load. 

Three resistors are connected in delta. If the 

line voltage is 13.2 kV and the line current is 

1202 A, calculate: 

the current in each resistor; 

. the voltage across each resistor; 

the power supplied to each resistor; 

. the power supplied to the 3-phase load; 

the ohmic value of each resistor. 

What is the phase sequence in Fig. 9-5? 

b. How can we reverse it? 

A 3-phase motor connected to a 600 V line 

draws a line current of 25 A. Calculate the 

apparent power supplied to the motor. 

Three incandescent lamps rated 60 W, 120 V 

are connected in delta. What line voltage is 

needed so that the lamps burn normally? 
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Intermediate level 


9-9 


9-10 


9-11 


9-12 


9-13 


9-14 


9-15 


9-16 


Three 10 Q resistors are connected in delta 

on a 208 V 3-phase line. 

a. What is the power supplied to the 3-phase 
load? 

b. If the fuse in one line burns out, calculate 
the new power supplied to the load. 

If one line conductor of a 3-phase line is cut, 

is the load then supplied by a single-phase or 

a 2-phase voltage? 

A 3-phase heater dissipates 15 kW when con- 

nected to a 208 V, 3-phase line. 

a. What is the line current if the resistors are 
connected in wye? 

b. What is the line current if the resistors are 
connected in delta? 

c. If the resistors are known to be connected 
in wye, calculate the resistance of each. 
We wish to apply full load to a 100 kVA, 
4 kV 3-phase alternator using a resistive load. 
Calculate the value of each resistance if the 

elements are connected; 

a. inwye, b. in delta. 

The windings of a 3-phase motor are con- 

nected in delta. If the resistance between 

any two terminals is 0.6 {2, what is the resis- 

tance of each winding? 

Three 24 Q resistors are connected in delta 

across a 600 V, 3-phase line. Calculate the 

resistance of three elements connected in 

wye which would dissipate the same amount 

of power. 

A 60 hp 3-phase motor absorbs 50 kW from 

a 600 V, 3-phase line. If the line current is 

60 A, calculate: 

a. the efficiency of the motor; 

b. the apparent power absorbed by the 
motor; 

c. the reactive 
motor; 

d. the power factor of the motor. 

Three 15 Q resistors and three 8 (2 reactors 

are connected as shown in Fig. 9-13. If the 

line voltage is 530 V, calculate: 


power absorbed by the 
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a. the active, reactive and apparent power 
supplied to the 3-phase load; 

b. the voltage across each resistor. 

Two 60 W lamps and a 10 UF capacitor are 

connected in wye. The circuit is connected 

to the terminals X-Y-Z of a 3-phase 120 V 

outlet. The capacitor is connected to termi- 

nal Y, and the lamp which burns brighter is 

connected to terminal X. 

a. What is the phase sequence? 

b. Draw the phasor diagram for the line volt- 
ages. 


Advanced level 


9-18 


9-19 


9-20 


9-21 


Three 10 UF capacitors are connected in wye 
across a 2300 V, 60 Hz line. Calculate: 

a. the line current; 

b. the reactive power generated. 

In Problem 9-17, if the capacitor is con- 
nected to terminal X, which lamp will be 
brighter? 

Three delta-connected resistors absorb 
60 kW when connected to a 3-phase line. If 
they are reconnected in wye, calculate the 
new power absorbed. 

Three 15 92 resistors (R) and three 8 Q reac- 


9-22 


9-23 


9-24 


tors (X) are connected in different ways 
across a 530 V, 3-phase line. Without 
drawing a phasor diagram, calculate the line 
current for each of the following connec- 
tions: 

a. R and X in series, connected in wye; 

b. RK and X in parallel, connected in delta: 

c. Rconnected in delta, X connected in wye. 
In Fig. 9-14, calculate the line current if the 
frequency is 50 Hz. 

In Problem 9-15, assume that the motor is 
connected in wye, and that each branch can 
be represented by a resistance R in series 
with an inductive reactance X. 


a. Calculate the value of R and X. 

b. What is the phase angle between the line 
current and the corresponding line-to- 
neutral voltage? 

An industrial plant draws 600 kVA from a 

2.4 kV line at a power factor of 80 percent 

lagging. 

a. What is the equivalent line-to-neutral im- 
pedance of the plant? 

b. Assuming that the plant can be repre- 
sented by an equivalent circuit similar to 
Fig. 9-13, determine the values of the re- 
sistance and reactance. 


lO 


ALTERNATING 
CURRENT 
INSTRUMENTS 





The most common alternating current meters and 
instruments are ammeters, voltmeters, wattmeters, 
and watthourmeters; they enable us to measure 
the current, voltage, power, and energy in a circuit. 
In this chapter, we study the construction and 
Operating principles of these instruments, as well 
as the methods employed to measure power and 
energy in single-phase and three-phase circuits. 


10-1 Alternating current ammeter 


The pointer of a dc ammeter swings right or left 
depending upon the direction of current flow. It 
would be impossible to measure an alternating cur- 
rent with such an instrument because the d’Arson- 
val movement would be subjected to a rapid suc- 
cession of opposing impulses. The pointer would 
simply vibrate, while remaining in the zero posi- 
tion. In ac circuits, we must therefore use amme- 
ters whose construction differs from that of a dc 
ammeter. 

One common type of ac ammeter is the moving- 
vane ammeter. |ts principle of operation may be 
understood by referring to Fig. 10-1a. The current 
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I to be measured flows in a stationary coil, prod- 
ucing a pair of N, S poles. These poles induce a 
pair of weaker n, s poles in a soft iron lamination — 
(the vane). The vane is inclined to the N-S axis by 
a spiral spring (not shown), but is otherwise free to 
pivot about its center. The magnetic attraction be- 


coil 





(a) 


Figure 10-1 a. Elementary moving-vane ammeter. 


tween the poles of opposite polarity produces a 
torque which tends to line up the vane in the di- 
rection of the lines of force created by the coils. 
When the current reverses, all magnetic polari- 
ties reverse, with the result that the torque contin- 
ues to act in the same direction and with the same 
intensity as before. The electromagnetic torque 


162 AC CIRCUITS 


Causes the vane to rotate against the restraining 


torque of the spring. 

The scale of these instrument is not linear like 
that of a d’Arsonval movement, and it is difficult 
to take accurate measurements when the currents 
are less than 10 percent of full scale. However, 


these instruments are rugged, simple and precise 
(Fig. 10-1b). 





read low, owing to the increase in the inductive 
reactance of the coil. 


10-3 ac voltmeter with rectifier 


We can build a linear scale ac voltmeter having 
good sensitivity by using a d’Arsonval movement 
and a rectifier. The rectifier is a device which only 


Figure 10-1 b. Typical moving-iron (or moving vane) instruments. 


10-2 Alternating current voltmeter 


We can construct a moving-vane vo/tmeter by 
winding the stationary coil with many turns of 
fine wire and connecting an appropriate resistor in 
series with it. The value of the resistance depends 
upon the full-scale voltage of the instrument. 
Because the current required to produce a full- 
scale deflection is of the order of 20 to 50 mA, 
these voltmeters are not very sensitive. Neverthe- 
less, they are very accurate. They are generally 
used to measure alternating voltages in power cir- 
cuits, where the frequency is less than 150 Hz. At 
higher frequencies, moving-vane voltmeters tend to 


permits current to flow in one direction. In its sim- 
plest form, the rectifier consists of a single diode. 


It is represented by the symbol and 


the arrow designates the permitted direction of 
conventional current flow. 

If we use a single diode in series with a d‘Arson- 
val movement (Fig. 10-2), the movement receives 
one impulse per cycle, that is whenever terminal A 
is (+) with respect to terminal B. On the other 
hand, if we use four diodes, mounted in a so-called 
bridge circuit, the movement receives two impulses 
per cycle (Fig. 10-3).* This enables us to double 


* See Section 23-6. 






d’Arsonval 


movement 


Figure 10-2 Rectifier-type ac voltmeter using 
one rectifier. 


the value ‘of the series resistor and consequently, 
to double the sensitivity (ohms per volt) of the 
voltmeter. These instruments are calibrated to in- 
dicate the effective ac voltage, based on a sinusol- 
dal waveshape. We cannot use them to measure the 
non-sinusoidal voltages encountered in some elec- 
tronic power circuits. 
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d’Arsonval 
movement 


Figure 10-3 Rectifier-type ac voltmeter using a diode 
bridge circuit. 


10-4 Wattmeter 


To measure the active power P absorbed by a dc 
circuit, we simply multiply the voltage & by cur- 
rent J. In ac circuits, however, the EJ product gives 
the apparent power, which is not necessarily equal 
to the active power. To measure active power 


Figure 10-4 


High-precision wattmeter rated 50 V.100 V 
200 V: 1A 5A. The scale ranges from 
0-50 W to 0-1000 W. (Weston Instruments) 
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(watts), we use an instrument ca!led a wattmeter. 
(Fig. 10-4). 

The construction of a wattmeter is similar to 
that of a d’Arsonval movement, except that the 
permanent magnet is replaced by an electromagnet 
(Fig. 10-5). The wattmeter is composed of the fol- 
lowing parts: 


—() 
C) 


poor - ag - --- 


crosses the potential coil Bp. The latter carries a 
small current /,) that is proportional to the line 
voltage &. The potential coil is therefore subjected 
to a torque whose instantaneous value is propor- 
tional to the flux ®, and current Jp, as in any 
d‘Arsonval movement. Because the flux and cur- 
rent are alternating, the torque varies rapidly, 





Figure 10-5 Circuit of a single-phase wattmeter. 


Be- a fixed coil having several turns of wire, large 
enough to carry the line current J. It is called 
current coll 

N - a laminated iron core which offers an easy 
path for the alternating flux created by the 
current coil 

Bp- a rectangular coil of fine wire mounted on a 
pivot. It is called potential coil 

R - ahigh resistance in series with the potential 
coll 

S - a spiral spring which produces a torque op- 
posing the rotation of the coil 

D - a pointer, mounted on the pivot, and which 
moves over a graduated scale 

To measure active power, we connect the watt- 
meter into the circuit as shown in Fig. 10-5. Line 
current / flows through current coil Be and line 
voltage Eis applied to the potential coil circuit. 


10-5 Operation of the wattmeter 


Current J produces an alternating flux ®, which 


producing a series of impulses at twice the line fre- 
quency. On a 60 Hz system, the vibrations created 
by these impulses are not visible because they are 
damped out by the inertia of the coil and the 
pointer. 

When current J and voltage £ are in phase, all 
the impulses act in the same direction, producing 
an average positive torque and a corresponding de- 
flection. The deflection is proportional to the 
product E/, which is the active power supplied to 
the load. 

When the load is inductive or capacitive, & and 
I are 90° out of phase. The potential coil receives 
the same impulses as before, but they act succes- 
sively in opposite directions. The resulting torque 
is zero and the coil simply vibrates while the 
pointer stays at zero. The wattmeter registers only 
that component of current which is in phase with 
the voltage £ and, consequently, it only reads the 
active power in a circuit. Figure 10-4 shows a high- 
precision wattmeter. 


10-6 Power measurement in single-phase circuits 


Owing to its external connections and the way it is 
built, a wattmeter may be considered to be a volt- 
meter and ammeter combined in the same box. 
The maximum voltage and current the instrument 
can tolerate are usually shown on the nameplate. 
In single-phase circuits, the pointer moves upscale 
when the + terminal of the current coil is con- 
nected to the + terminal of the potential coil (Fig. 
10-6). 





Figure 10-6 Method of connecting a single-phase wattmeter. 


Example 10-1: 

A wattmeter connected into the circuit of a single- 
phase motor gives a reading of 280 W. If the line 
current is 4.8 A and the line voltage 112 V, calcu- 
late the power factor of the motor. 
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Solution: 
Apparent power to the motor: 
S = 112x4.8 = 538 VA 
Active power absorbed by the motor: 
P = 280W 
Power factor = P/S = 280/538 
0.52 (or 52 percent) 


10-7 Power measurement in 3-phase, 
3-wire circuits 


The active power supplied to a 3-phase load may 
be measured by two wattmeters connected as 
shown in Fig. 10-7. The total power is equal to the 
sum of the two wattmeter readings. If the power 
factor of the load is less than 100 percent, the 
instruments will give different readings. Indeed, if 
the power factor is less than 50 percent, one of the 
wattmeters will actually give a negative reading. 
We must then reverse the connections of either the 
current coil or the potential coil, so as to obtain a 
numerical reading of this negative quantity. In this 
case, the power of the three-phase circuit is equal 
to the difference between the two wattmeter 
readings. 

The two-wattmeter method gives the active 
power absorbed whether the load is balanced or 
unbalanced. * 


* Proof of this statement may be found in basic texts on 
ac circuits. 











Figure 10-7 Measuring power in a 3-phase circuit using the two-wattmeter method. 
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Example 10-2: 

A test on a three-phase motor yields the following 
results: P; = +5950 W, P, = + 2380 W, the current 
in each of the three lines is 10 A and the line volt- 
age is 600 V. Calculate the power factor of the 
motor. 


Solution: 
Apparent power supplied to the motor: 
S = 1.73xExJI = 1.73 x 600 x 10 
= 10380 VA 
Active power supplied to the motor: 
P = 5950 + 2380 
= 8330 W 
cos 6 = P/S = 8330/10 380 
0.80 or 80 percent. 


10-8 Power measurement in 3-phase, 
4-wire circuits 


In 3-phase, 4-wire circuits, three wattmeters are 
needed to measure the total power. To make the 
connection, the current coil of one wattmeter is 
first connected in series with one of the live lines. 


The potential coil of the meter is then connected 
between the same live line and neutral. The other 





Figure 10-8 Measuring power in a 3-phase, 3-wire circuit. 


instruments are connected in the same way to the 
remaining live lines (Fig. 10-8). The total power 
supplied to the load is equal to the sum of the 
three wattmeter readings. The three-wattmeter 
method gives the active power for both balanced 
and unbalanced loads. 


10-9 Measuring instantaneous power 


A wattmeter is an instrument which basically mul- 
tiplies the instantaneous voltage by the instanta- 
neous current and, by mechanical damping (inertia 
of the coil and pointer), gives the average value of 





Figure 10-9 Output voltage v is proportional to the 
instantaneous power. 


the product. However, in some circuits, we wish to 
obtain a non-mechanical readout of the active 
power; we then use solid-state multipliers, such as 
the Hall effect multiplier. 

The Hall effect multiplier is composed of a spe- 
cial semiconductor material in the form of a six- 
sided wafer. Load current J flows through the 
semiconductor so as to lie in the path of flux Dp. 
This ac flux is proportional to ac line voltage £ 
(Fig. 10-9). The remarkable feature of the Hall 
effect device is that a voltage v, proportional to 
the instantaneous product /Pp, appears between 
the two remaining “unused” sides. This voltage is 
therefore proportional to the instantaneous EJ 
product, or instantaneous power. If the voltage is 
applied to a sensitive dc voltmeter, the instrument 
indicates the active power consumed by the load. 
The voltage v may also be used as an electrical sig- 


nal to monitor or control power in a circuit. Final- 
ly, by applying it to the terminals of an oscillo- 
scope, we can actually observe instantaneous pow- 
er curves such as the one shown in Fig. 7-2, chap- 
ter 7. 

Figure 10-10 shows a megawatt-range watt- 
‘meter circuit used to measure power in a gener- 
ating station. The current transformers (C T ) and 
potential transformers (P T ) step down the line 
currents and voltages to values compatible with 
the instrument rating. (see Secs. 12-4 and 12-5). 


cal 
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erating stations and the substations of electrical 
utilities and large industrial consumers. 

In 3-phase, 3-wire circuits, we can deduce the 
reactive power from the two wattmeter readings 
(Fig. 10-7). We simply multiply the difference of 
the two readings by 1.73. For example, if two 
wattmeters indicate +5950 W and +2380 W re- 
spectively, the reactive power is (5950 - 2380) x 
1.73 = 6176 vars. Note that this method of var 
measurement is only valid for balanced three-phase 
circuits. 


(ee Ss 





Figure 10-10 Power measurement in a high-power circuit. 


10-10 Varmeter 


A varmeter indicates the reactive power in a cir- 
cuit. It is built the same way as a wattmeter is, but 
an internal circuit shifts the line voltage by 90° be- 
fore it is applied to the potential coil. Varmeters 
are mainly employed in the control rooms of gen- 


10-11 Watthourmeter 


We have already seen that the SI unit of energy is 
the joule. However, for many years, power utilities 
have been using the kilowatthour to measure the 
energy supplied to industry and private homes. 
One kilowatthour (kW-h) is exactly equal to 
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3.6 MJ. 

Meters which measure industrial and residential 
energy are called watthourmeters; they are de- 
signed to multiply power by time. The electricity 
bill is usually based upon the number of kilowatt- 
hours consumed during one month. Watthour- 
meters must therefore be very precise. Induction 
watthourmeters are practically the only types em- 
ployed on ac circuits. 

Figure 10-11 shows the principal parts of such 
a meter: a potential coil By wound with many 
turns of fine wire; a current coil B,; an aluminum 
disc D supported on a vertical spindle; a perma- 
nent magnet A; and, finally, a gear mechanism that 
registers the number of turns made by the disc. 
When the meter is connected to a single-phase line, 
the disc is subjected to a torque which causes it to 
turn, like a high-precision motor. (a) 








magnetic 
suspension 





















gear train 
to pointers 


potential 

coil Bp 

rear side of 
rotating disc 


(b) 






Ni ge 2 


em 
Za 
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meter dials 


current and pointers 


coil Be 


Figure 10-11 a. Complete watthourmeter. (General Electric) 
b. Components making up the meter. (General Electric) 


10-12 Operation of the watthourmeter 


The operation of a watthourmeter can be under- 
stood by referring to Fig. 10-12. Load current [ 
produces an alternating flux ®, which crosses the 
aluminum disc, inducing in it a voltage and, conse- 
quently, eddy currents /¢. On the other hand, po- 
tential coil By produces an alternating flux ®p 
which intercepts current /¢. The disc is therefore 
subjected to a torque which causes it to rotate. 
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latter, we have seen, is proportional to the active 
power supplied to the load. Consequently, the 
number of turns per second is proportional to the 
number of joules per second. It follows that the 
number of turns of the disc is proportional to the 
number of joules (energy) supplied to the load. 


10-13 Meter readout 


In addition to other details, the nameplate of a 





Figure 10-12 Principle of operation of a watthourmeter. 


The torque is proportional to flux ®, and current 
I;. Because these two quantities depend respective- 
ly. upon voltage & and load current J, the torque is 
proportional to the active power delivered to the 
load. 

As in the case of a wattmeter, the average 
torque on the disc is zero when the £ and J are 90° 
out of phase. This, however, is only part of the 
story. 

As the disc moves between the poles of perma- 
nent magnet A, a braking torque is produced 
whose value is proportional to the speed of the 
disc. Because the motor torque is always equal to 
the braking torque (see Sec. 3-11), it follows that 
the speed is proportional to the motor torque. The 


watthourmeter lists the rated voltage, current and 
frequency, and a metering constant K,. Constant 
K}, is the amount of energy, in watthours, which 
flows through the meter for each turn of the disc. 
Consequently, we can calculate the amount of 
energy which flows through a meter in a given 
time by counting the number of turns. Then, di- 
viding energy by time, we can calculate the active 
power supplied to the load. 


Example 10-3: 

The nameplate of a watthourmeter shows Kp, = 3.0. 
If the disc makes 17 turns in two minutes, calcu- 
late the energy consumed by the load during this 
interval, and the average power of the load. 
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Solution: | 
Each turn corresponds to an energy consumption 
of 3.0 W-h. Energy consumed during the 2-minute 
interval is: , 

Ey= Kp x number of turns = 3.0 x 17 

= 51W-h 

Average power absorbed by the load during this 
interval is: 

P = E,/t = 51/2 min = 51/(1/30 h) 
51x 30 
1530 W 
Most watthourmeters have four dials to indicate 
the amount of energy consumed. The dials are 
read from left to right and the number so obtained 
is the number of kilowatthours consumed since 
the meter was first put in service. In reading the 
individual dials, we always take the number the 
pointer swept over last. For example, in Fig. 10-13, 





Figure 10-13 Reading the dials of a watthourmeter. 


the reading is 1-5-9-0, or 1590 kW-h. Obviously, to 
measure the energy consumed during one month, 
we must subtract the readings at the beginning and 
end of the month. Some modern watthourmeters 
give a digital readout which, of course, is much 
easier to read. 


10-14 Measuring three-phase energy and power 


The energy consumed by a 3-phase load (three- 
wire system) can be measured with two single- 
phase watthourmeters. The two meters are often 
combined into one by mounting two discs on the 
same spindle and using a single register (Fig. 
10-14). The current and potential coils are con- 








Figure 10-14 Watthourmeter for a 3-phase, 


3-wire circuit (General Electric). 


nected to the line in the same way as those of two 
wattmeters. 

Figure 10-15 is a 3-phase solid-state watthour- 
meter having a precision exceeding that of induc- 
tion-type watthourmeters. 

Special ac meters such as demand meters are 
covered in Chapter 27. Many other instruments are 
available to measure power factor, phase angle, fre- 
quency and so forth. Details on their construction 
can be found in manufacturer’s bulletins and spe- 
cialized texts (Fig. 10-16). 


QUESTIONS AND PROBLEMS 
Practical level 


10-1 A moving-vane ammeter can be used to mea- 
sure a dc current. Explain why. 

10-2 Referring to Fig. 10-13, if the pointer of dial 
B is between 1 and 2, what is the new meter 
reading? 


\/10-3 Draw a simple diagram of a wattmeter, and 


explain how it works. 
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10-4 Describe the construction of a watthour- 
ws meter. Explain why the disc rotates. 
10-5 Draw the circuit of a wattmeter connected 
into a single-phase circuit. 
V"10-6 Show how to connect two wattmeters into a 
/ 3-phase, 3-wire line. | 
10-7 A voltmeter, ammeter and wattmeter are 
connected into the line leading to a single- 
phase motor. If the respective readings are 
114 V, 5A and 360 W, calculate the power 
factor of the motor. 
10-8 In Problem 10-7, calculate the mechanical 
power developed if the motor has an effi- 
ciency of 60 percent. 


/ntermediate level 

110-9 Two wattmeters connected into a 3-phase, 
3-wire 220 V_ line indicate 3.5kW and 
1.5 kW, respectively. If the line current is 
16 A, calculate: 
a. the apparent power; 

/ b. the power factor of the load. 

110-10 An electric motor having a cos 6 of 82 per- 


cent draws a current of 25 A from a 600 V 





3-phase line. Figure 10-15 This high-precision electronic watthour- 
a. Calculate the active power supplied to the meter gives a numerical readout of the en- 
motor: ergy delivered by a 3-phase transmission 


line. It has an accuracy of Q.2 percent; 
which compares favorably with the 0.5 
percent accuracy of some of the best in- 
duction-type watthourmeters. This meter 
is used on high-power lines where the 
monthly consumption exceeds 10 GW-h. 
(Siemens) 


b. If the motor has an efficiency of 85 per- 
cent, calculate the mechanical power 
output; 

c. How much energy does the motor con- 
sume in 3 h? 

10-11 We want to determine the power of an 
electric heater, installed in a home, by means 


of a watthourmeter. All other loads are shut 
off and it is found that the disc makes ten 
complete turns in one minute. If Ky, = 3.0, 
calculate the power of the heater. 


smoke is seen to come out of the instrument. 
Explain. 


10-13 A domestic watthourmeter has a precision 


of 0.7 percent. Calculate the maximum pos- 


sible error if the monthly consumption is 


a 
“10-12 A wattmeter having a scale 0-3 kW is rated 800 kW-h. 
300 V and 10 A. It is used to measure power 
in a 200 V single-phase circuit where the Advanced level 


power factor is 10 percent. The pointer 


reads 1.7 kW, but after a few minutes, 10-14 The wattmeters in Fig. 10-7 register +35 kW 
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Figure 10-16 a. Power factor meter. (General Electric) 
b. Frequency meter. (Canadian General Electric) 


and - 20 kW, respectively. If the load is bal- 

anced, calculate: 

a. the load power factor; 

b. the line current if the line voltage is 
630 V. 

10-15 A sine wave has an effective value of 120 V. 
Determine the average voltage during a posi- 
tive half-cycle and show that it is 90 percent 
of the effective value. 

10-16 Using the results of Problem 10-15, calcu- 
late the average current flowing in the coil of 
Fig. 10-2, knowing that R, = 60kQ2 and 
sinusoidal voltage Eng = 120 V (effective 
value). 

10-17 A 50 92 d’Arsonval movement gives a full- 
scale deflection at a current of 1mA. We 
wish to convert it into an ac voltmeter, using 
the circuit of Fig. 10-2. 

a. Calculate the value of Ry, so that the 
scale range is 0-150 Vac. 

b. If we apply a sinusoidal voltage of 50 V 
between terminals AB, what will the in- 


strument read? If we reverse the termi- 
nals, what is the new reading? 


c. If we apply a de voltage of 50 V across 
terminals AB, with A positive with re- 
spect to B, what will the meter read? If 
we reverse the terminals what is the new 
reading? 

10-18 In Problem 10-17, calculate the voltmeter 
reading if a triangular ac voltage having a 
peak of 50 V is applied across the terminals. 

10-19 The disc in Fig. 10-12 turns at 10 r/min for 
a load of 10 kW. If a 5 kvar capacitor is con- 
nected in parallel with the load, what is the 
new rate of rotation? 

10-20 a. The flux created by the permanent mag- 

net in Fig. 10-12 decreases by 0.5% in 
10 years. What is the effect on the speed 
of rotation and the precision of the 
meter? 

b. The resistance of coil Be changes with 
temperature. Does this affect the speed 
of rotation if the active load remains 
fixed? 
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TRANSFORMERS 


The transformer is probably one of the most use- 
ful electrical devices ever invented. It can raise or 
lower the voltage or current in an ac Circuit, it can 
isolate circuits from each other, and it can increase 
or decrease the value of a capacitor, an inductor, 
or a resistor. Finally, the transformer enables us to 
transmit electrical energy over great distances and 
to distribute it safely in factories and homes. 

We will study some of the basic properties of 
transformers in this chapter. It will help us under- 
stand not only the special transformers covered in 
later chapters but, also the basic operating princi- 
ple of induction motors, alternators, and synchro- 
nous motors. All these devices are based upon the 
laws of electromagnetic induction. Consequently, 
we encourage the reader to pay particular atten- 
tion to the subject matter covered here. 


11-1 Voltage induced in a coil 


Consider the coil of Fig. 11-1 which surrounds (or 
“links’’) a variable flux ®. The flux alternates sinu- 
soidally at a frequency f, periodically reaching po- 
sitive and negative peaks ®,,,,. The alternating 
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flux induces a sinusoidal ac voltage in the coil, 


® 
frequency f 


E N turns 


(a) 





Figure 11-1 a. A voltage is induced when a coil links a 
variable flux. 
b. A sinusoidal flux induces a sinusoidal 


voltage. 
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whose value is given by: 


= 4.44 {N@max| * (11-1) 





E = effective voltage induced [V] 

f = frequency of the flux [Hz] 

N = number of turns on the coil 
Pmax = peak value of the flux [Wb] 

4.44 = aconstant [exact value = 2n//2] 

It does not matter where the ac flux comes 
from: It may be created by a moving magnet, a 
nearby ac coil, or even by an ac current which 
flows in the coil itself. 


Example 11-1: 

The coil in Fig. 11-1 possesses 4000 turns and 
links an ac flux having a peak value of 2 milli- 
webers. If the frequency is 60 Hz, calculate the 
value and frequency of the induced voltage £. 


Solution: 

f= 4.44 fN®,3. 
4.44 x 60 x 4000 x 0.002 
2131 V 

The induced voltage has an effective value of 
2131 V and a frequency of 60 Hz. The peak volt- 
age is 2131,/2 = 3013 V. 


Eq. 11-1 


11-2 Applied voltage and induced voltage 


Figure 11-2a shows a coil of N turns connected to 
a sinusoidal ac source Eg. The coil has a reactance 
Xm and draws a current Jg. If the resistance of the 
coil is negligible, the effective current is given by: 


The detailed behavior of the circuit can be ex- 


plained as follows: 
The sinusoidal current Jg produces a sinusoidal 


* This equation is deduced from Faraday’s law 
E = NA®/At (Eq. 2-1). 





(a) 


Ip 
@ (b) 


Figure 11-2 a. The voltage induced in a coil is equal to 


the applied voltage. 
b. Phasor relationships. 


mmf M/s which, in turn, creates a sinusoidal flux 
®. The peak value of this ac flux is Pmax. The flux 
induces a voltage F' across the terminals of the coil, 
whose value is given by Eq. 11-1. On the other 
hand, the applied voltage Eg and the induced volt- 
age E’ must be identical because they appear be- 
tween the same pair of conductors. Because Eg= 8, 
we may write: 
Ey = 4.44 fN®max 


from which (11-2) 





This equation indicates that for a given frequency 
and a given number of turns, Pmax varies in pro- 
portion to the applied voltage Eg. This means that 
if Eg is kept constant, the peak flux must remain 
constant. 

For example, suppose we gradually insert an 
iron core into the coil while keeping Eg fixed (Fig. 
11-3). The peak value of the ac flux will remain 
absolutely constant during this operation, retaining 
its original value ®,,,, even when the core is com- 
pletely inside the coil. In effect, if the flux in- 
creased (as we would expect), the induced voltage 
F} would also increase. But this is impossible be- 
cause & = Eg at every instant, and Eg is fixed. 





Figure 11-3 a. The flux in the coil remains constant. 
b. Phasor relationships. 


For a given supply voltage Eg, the ac flux in 
Figs. 11-2 and 11-3 is therefore the same. However, 
the so-called magnetizing current Ig is much 
smaller when the iron core is inside the coil. In 
effect, to produce the same flux, a smaller magne- 
tomotive force is needed with an iron core than 
with an air core. Consequently, the magnetizing 
current in Fig. 11-3 is smaller than in Fig. 11-2. As 
in any inductive circuit, /g lags 90° behind Eg, and 
® is in phase with the current (Figs. 11-2b and 
11-3b). 


Example 11-2: 

A coil having 90 turns is connected to a 120 V, 
60 Hz source. If the effective value of the magne- 
tizing current is 4 A, calculate: 

. the peak value of flux; 

b. the peak value of the mmf; 

c. the inductive reactance of the coil; 

d. the inductance of the coil. 


ped) 


Solution: 


a. Pmax = E,/(4.44 fN) Eq. 11-2 
120/(4.44 x 60 x 90) 
0.005 = 5mWb 
b. 1 The peak current Is: 
Im = 1.4112 = 1.41x4 


= 564A 
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b.2 The peak mmf is: 
U = NI, = 90x 5.64 
= 507.6A 
The flux is equal to 5 mWb when the coil 
mmf is 507.6 ampere-turns. 


Eq. 2-3 


ee The inductive reactance is: 
Am = E,/le = 120/4 
= 302 
d. The inductance is: 
L = X,,/2nt Eq. 7-12 
= 30/(27 x 60) = 0.0796 


79.6 mH 
11-3 Elementary transformer 


In Fig. 11-4, a coil having an air core is excited by 
an ac source Eg producing a total flux ®. If we 
bring a second coil close to the first, it will sur- 
round a portion ®,,; of the total flux. An ac volt- 
age F’, is therefore induced in the second coil and 
its value can actually be measured with a voltmeter. 
The combination of the two coils is called a trans- 
former. The coil connected to the source is called 
the primary winding (or ‘“‘primary’’) and the one 
connected to the load is called the secondary 
winding (or ‘‘secondary”’). 

A voltage exists only between primary termi- 
nals 1-2 and secondary terminals 3-4. No voltage 
exists between the primary and secondary termi- 
nals. The secondary is therefore electrically iso- 
lated from the primary. 





Figure 11-4 Voltage induced in a secondary winding. 
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Figure 11-4 


The flux ® created by the primary is composed 
of two parts: 1) a mutual flux ®yy4, which links 
the turns of both coils, and 2) a /eakage flux ®¢4, 
which links only the turns of the primary. If the 
coils are far apart, the mutual flux is very small 
compared to the total flux ®; we then say that the 
coupling between the two coils is weak. We can 
obtain a better coupling (and a higher secondary 
voltage £5) by bringing the two coils closer togeth- 
er. However, even if we bring the secondary right 
up to the primary so that the two coils touch, the 
mutual flux will still be small compared to the to- 
tal flux ®. When the coupling is weak, voltage £3 is 
relatively small and, worse still, it collapses almost 
completely when a load is connected across the 
secondary terminals. In most industrial transform- 
ers, the primary and secondary windings are 
wound on top of each other to improve the cou- 
pling between them. 


11-4 Polarity of a transformer 


In Fig. 11-4, fluxes ®s; and ®,,1 are both pro- 
duced by current/@. Consequently, the fluxes are 
in phase, both reaching their maximum values at 
the same instant. It follows that voltage F, will 
reach /ts peak value at the same instant as Eg does. 
Suppose, during one of these peak moments, that 
primary terminal 1 is positive with respect to pri- 
mary terminal 2, and that secondary terminal 3 is 
positive with respect to secondary terminal 4 (Fig. 
11-5). Terminals 1 and 3 are then said to possess 
the same polarity. This ‘‘sameness’” can be shown 





by placing a large dot beside primary terminal 1 
and secondary terminal 3. The dots are called po- 
larity marks. 

The polarity marks in Fig. 11-5 could equally 
well be placed beside terminals 2 and 4 because, as 
the voltage alternates, they, too, become simulta- 
neously positive. Consequently, the polarity marks 
may be shown beside terminals 1 and 3 or beside 
terminals 2 and 4. 


gasenne® 


waa polarity mark 
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Figure 11-5 Terminals having the same instantaneous 
polarity are marked with a dot. 


11-5 Properties of polarity marks 


The following rules apply to polarity marks: 

1. A current entering a polarity-marked terminal 
produces a flux in a “‘positive’’ direction* (Fig. 
11-6). Conversely, a current flowing out of a 
polarity-marked terminal produces a flux in the 
“negative’’ direction. This rule applies to both 
primary and secondary windings. 

2. If one polarity-marked terminal is momentarily 
positive with respect to its other terminal, then 
all polarity-marked terminals are positive with 
respect to their other terminals (Fig. 11-7). 


11-6 Ideal transformer at no-load - voltage ratio 


Before undertaking the study of a practical trans- 


* Positive’ and ‘‘negative’’ are shown in quotation 


marks because we can rarely look inside a transformer 
to see in which direction the flux is actually circu- 
lating. 


polarity mark 





transformer enclosure 


Figure 11-6 A current entering a polarity-marked termi- 
nal produces a flux in a “‘positive” direction. 


Id 
current 
increasing 





Figure 11-7 Instantaneous polarities when the magne- 
tizing current is increasing. 


former, we shall examine the properties of the so- 
called /dea/ transformer. An ideal transformer has 
no losses and its core is infinitely permeable. Fur- 
thermore, any flux produced by the primary is 
completely linked by the secondary, and vice versa. 
Consequently, an ideal transformer has no leakage 
flux of any kind. 

Practical transformers have properties which 
approach those of an ideal transformer. Conse- 
quently, our study of the ideal transformer will 
help us understand the properties of transformers 
in general. 

Figure 11-8a shows a transformer in which the 
primary and secondary respectively possess VV; and 
N, turns. The primary is connected to a sinusoidal 
source Eg and the magnetizing current Ig creates a 
flux ®,,. The flux is completely linked by the pri- 
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mary and secondary windings and, consequently, 
it is called a mutual flux. The flux varies sinusoi- 
dally, and reaches a peak value Pax. According to 
Eq. 11-1, we can therefore write: 


~~ 
| 


a 4.44 [Ni Pmax (11-3) 
and 
E, = 4.44 fN2Pmax (11-4) 


From these equations, we deduce the expression 
for the vo/tage ratio of an ideal transformer: 


Ey M, 
E, = N (11-5) 
where 

E, = voltage induced in the primary [V] 

FE, = voltage induced in the secondary [V] 

N, = number of turns on the primary 

Ny = number of turns on the secondary 

This equation shows that the ratio of the prima- 

ry and secondary voltages is equal to the ratio of 





(a) 
Ey 
Eg, Fi 
I 
Pm 
(b) 


Figure 11-8 a. Primary and secondary linked by a mu- 
tual flux. 
b. Phasor relationships. 
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the number of turns. Furthermore, because the 
primary and secondary voltages are induced by the 
same mutual ®,,, they are necessarily in phase. 

The phasor diagram at no load is given in Fig. 
11-8b. If the transformer has fewer turns on the 
secondary than on the primary, phasor £, is 
shorter than phasor £,. As in any inductor, current 
I \ags 90° behind applied voltage Eg. The phasor 
representing flux ®,, is obviously in phase with 
magnetizing current J/g which produces it. 

In an /dea/ transformer, the magnetic circuit is 
infinitely permeable so that no magnetizing cur- 
rent is required to produce the flux ®,. Thus, 
under no-load conditions, the phasor diagram of 
such a transformer is identical to Fig. 11-8b except 
that phasor /m does not appear. In effect, an ideal 
transformer requires no reactive power to set up 
its magnetic field (see Sec. 8-8). 


Example 11-3: 

A transformer having 90 turns on the primary and 

2250 turns on the secondary is connected to a 

120 V, 60 Hz source. The coupling between the 

primary and secondary is perfect, but the magne- 

tizing current is 4 A. Calculate: 

a. the effective voltage across the secondary termi- 
nals; 

b. the peak voltage across the secondary terminals; 

c. the instantaneous voltage across the secondary 
when the instantaneous voltage across the pri- 
mary is 37 V. 


Solution: 


a. 1 The turns ratio is: 
N2/N, = 2250/90 
= 25 
a.2 The secondary voltage is therefore 25 times 
greater than the primary voltage because the 
secondary has 25 times more turns. Conse- 


Eq. 11-5 


quently: 
Ey,= 25x, = 25x 120 
= 3000 V 
a.3 Instead of reasoning as above, we can apply 
Eq. 11-5: 


E/E, “ N,/N2 
120/E, = 90/2250 
which yields £, = 3000 V 
b. The voltage varies sinusoidally; consequently, 
the peak secondary voltage is: 


Em= V2E = 1.414 x 3000 Eq. 7-8 
= 4242 V 
c. The secondary voltage is a/ways 25 times 


greater than £,. Consequently, 
F,= 25x 37 = 925V 


11-7 Ideal transformer under load - current ratio 


Pursuing our analysis, let us connect a load Z 
across the secondary of the ideal transformer (Fig. 
11-9). A secondary current J, will immediately 
flow, given by: 
I, = E,/Z 

Does £', change when we connect the load? To an- 
swer this question, we must remember that in an 
ideal transformer the primary and secondary wind- 
ings are always linked by a mutual flux ®,,, and 
by no other flux. In other words, an ideal trans- 
former, by definition, has no leakage flux. Conse- 
quently, the voltage ratio under load is the same as 
at no-load, namely: 


E/E, = N,/N2 


If the supply voltage Ey is kept fixed, then the pri- 
mary induced voltage £, remains fixed. Conse- 
quently, £ also remains fixed. We conclude that 
Ef, remains constant whether a load is connected 
or not. For the same reasons, mutual flux ®,, also 
remains fixed. 

Let us now examine the magnetomotive forces 
created by the primary and secondary windings. 
First, current 72 produces a secondary mmf NoJ>. 
If it acted alone, this mmf would produce a pro- 
found change in the mutual flux ®,,. But we just 
saw that ®,, does not change under load. We con- 
clude that flux ®,, can only remain fixed if the 
primary develops a mmf which exact/y counter- 
balances N2/>. Thus, a primary current J, must 





2 
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Figure 11-9 a. Ideal transformer under load. 


flow so that: 
Nil, = NN> (11-6) 


To obtain the required instant-to-instant 
bucking effect, currents 7; and J, must increase 
and decrease at the same time. In other words, 
they must be in phase. Furthermore, when I, flows 
into a polarity-mark on the primary side, /2 must 
flow out of the polarity-mark on the secondary 
side (see Fig. 11-9). 

Using these facts, we can now draw the_phasor 
diagram of an ideal transformer under load (Fig. 
11-9b). Assuming a resistive-inductive load, cur- 
rent [, lags behind E, by an angle 0. Flux ®,, lags 
90° behind Eg, but no magnetizing current Io is 
needed because this is an ideal transformer. Finally, 
the primary and secondary currents are in phase, 
and according to Eq. 11-6, they are related by: 


I, = primary current [A] 
I, = secondary current [A] 
N, = number of turns on the primary 
N2 = number of turns on the secondary 
Comparing Eq. 11-5 and Eq. 11-7, we see that 
the transformer current ratio is the inverse of the 
voltage ratio. In effect, what we gain in voltage, we 
lose in current and vice versa. This is consistent 
with the requirement that the instantaneous power 
input £,/, to the primary must equal the instanta- 
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Eg, Fy 





(b) 


b. Phasor relationships. 


neous power output //, of the secondary. If the 
two were not identical, it would mean that the 
transformer itself absorbs power. By definition, 
this is impossible in an ideal transformer. 


Example 11-4: ; 

An ideal transformer having 90 turns on the pri- 

mary and 2250 turns on the secondary is con- 

nected to a 200 V, 50 Hz source. The load across 

the secondary draws a current of 2 A at a power 

factor of 80 percent lagging (Fig. 11-10a). Calcu- 

late: 

a. the effective value of the primary current; 

b. the peak flux linked by the secondary winding; 

c. the instantaneous current in the primary when 
the instantaneous current in the secondary is 
100 mA; 

d. draw the phasor diagram, based on Fig. 11-9. 





Figure 11-10 a. See Example 11-4. 
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Figure 11-10 a. See Example 11-4. 


Solution: 
a. 1 The turns ratio is: 
a = N,/N, = 90/2250 
= 1/25 
a.2 The current ratio is therefore 25 and because 
the primary has fewer turns, the primary 
current is 25 times greater than the second- 
ary current. Consequently: 
I, = 25x2 = 50A 
a. 3 Instead of reasoning as above, we can calcu- 
late the current directly by means of Eq. 


11-6. 
Ni, ae Nal, 
90/7, = 2250x2 
1, = 50A 
b. In an ideal transformer, the flux linking the 
secondary is the same as that linking the 
primary. 


D aay cic E/(4.44 fN3) 

200/(4.44 x 50 x 90) = 0.01 

10 mWb 

C. The instantaneous current in the primary is 
always 25 times greater than the instantane- 
ous current in the secondary. 


251 2 instantaneous 
25 x 0.1 


2.5A 


I, instantaneous ~— 


d.1 Secondary voltage is: 
4 = 25x, = 25x 200 
= 5000 V 





Eg, £,= 
200 Vv £,=5000 V 





(b) 


b. Phasor relationships. 


d.2 Phase angle between F£’, and J; is: 


power factor = cos@ 
0.8 = cosé 
8 = == 36.9° 
d.3 The phase angle between £, and J; is also 
—-36.9°. 
d.4 The mutual flux lags 90° behind Eg (Fig. 
11-10b). 


11-8 Circuit symbol for an ideal transformer 


To highlight the bare essentials of an ideal trans- 
former, it is best to show it in symbolic form. 
Thus, instead of drawing the primary and second- 
ary windings and the mutual flux ®,,, we simply 
show a box having primary and secondary termi- 
nals (Fig. 11-11). Polarity marks are added, en- 
abling us to indicate the direction of current flow 
and the polarities of voltages F', and E>. For exam- 
ple, a current J, flowing into one polarity-mark 
terminal is a/ways accompanied by a current J, 


acacete 


# transform 


er: 





Figure 11-11 Symbol for an ideal transformer. 


flowing out of the other polarity-mark terminal. 


Furthermore, if we let the ratio of transforma- 

tion N,/N2 = a, we obtain: 
BE, = ak, 
and I, = L,/a 

In an ideal transformer, and specifically refer- 
ring to Fig. 11-11, &, and £7, are a/ways in phase, 
and so are J; and J,.” 

It is sometimes useful to make analogies be- 
tween electrical and mechanical devices. For exam- 
ple, it is well known that a resistor is comparable 
to a mechanical brake, that a capacitor is similar to 
a mechanical spring and that an inductor behaves 
like a flywheel. Similarly, an ideal transformer may 
be compared to a gearbox. Thus, in the same way 
that a gearbox can increase or decrease the speed 
of rotation, a transformer can increase or decrease 
the current. The analogy between the two devices 
is best shown in tabular form: 


Ideal transformer Ideal gearbox 


Primary turns Teeth on the driving 


gear-wheel 


Teeth on the driven 
gear-wheel 


Secondary turns 


Turn ratio Gear ratio 


Primary voltage Input torque 


Secondary voltage Output torque 


Primary current Input rotational speed 


Secondary current Output rotational speed 


Arrows showing input 
and output direction of 
rotation 


Primary and secondary 
polarity marks 


11-9 Impedance ratio 


Although a transformer is generally used to change 


* Some texts show the respective voltages and currents 


as being 180° out of phase. This situation can arise 
depending upon how the behavior of the transformer 
is described, or how the voltage polarities and current 
directions are assigned. 
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(b) 


Figure 11-12 a. Impedance transformation. 
b. The impedance seen by the source dif- 
fers from Z. 


a voltage or current, it also has the important abili- 
ty to transform an impedance. Consider, for ex- 
ample, Fig. 11-12a in which an ideal transformer T 
is connected between a source Eg and a load Z. As 
far as the source is concerned, it ‘‘sees’’ an imped- 
ance Z, between the primary terminals given by: 


Less =F ,/T, 
However, 
Ey - ak = aE, = 9°7 
I, I,/a I, 
Consequently, Z, = az (11-8) 


This means that the impedance “‘seen’’ by the 
source is a* times the actual impedance (Fig. 
11-12b). Thus, an ideal transformer has the amaz- 
ing ability to increase or decrease the value of an 
impedance “‘seen’’ in the primary, by a factor equal 
to the square of the turns ratio. 

The impedance change is real, and not illusory 
like the image produced by a magnifying glass. An 
ideal transformer can modify the value of any 
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component, be it a resistor, capacitor, or inductor. 
For example, if a 1000 Q resistor is placed across 
the secondary of a transformer having a primary to 
secondary turn ratio of 1:5, it will appear across 
the primary as if it had a resistance of 1000 x 
(1/5)? = 40Q. Similarly, a capacitor having a reac- 
tance of 1000 {2 connected to the secondary, 
appears as a 40 Q capacitor across the primary. 
However, because the reactance of a capacitor is 
inversely proportional to its capacitance (X, = 
1/2nfC), the apparent capacitance between the pri- 
mary terminals is 25 times greater than its actual 
value. We can therefore artificially increase (or de- 
crease) the microfarad value by means of a trans- 
former having an appropriate turns ratio. 


11-10 Shifting impedances from primary 
to secondary and vice-versa 


As a further illustration of the impedance-changing 
properties of an ideal transformer, consider the cir- 
cuit of Fig. 11-13a. It is composed of a source Ey 
a transformer T and of four impedances Z, to Z4. 
The transformer has a turn ratio a. We can progres- 
sively shift one or more of the secondary imped- 
ances to the primary side, as shown in Figs. 11-13b 
to 11-13e. The circuit arrangement of the imped- 
ances shifted in this way remains the same, but all 
impedance values are multiplied by a’. 

If all the impedances are transferred to the pri- 
mary side, the ideal transformer ends up at the ex- 
treme right-hand side of the circuit (Fig. 11-13d). 
In this position, the secondary of the transformer 
is On open-circuit. Consequently, both the primary 
and secondary currents are zero. We can therefore 
remove the ideal transformer altogether, yielding 
the equivalent circuit shown in Fig. 11-13e. 


In some cases, it is useful to shift impedances 
from the primary side to the secondary side. The 
procedure is the same, but all impedances so trans- 
terred are now divided by a’ (Fig. 11-14b). We 
can even shift the source Eg to the secondary side, 
where it becomes a source having a voltage E,/a. 
The ideal transformer is now located at the ex- 











Figure 11-13 Effect upon the impedances as they are 
progressively transferred to the primary 
side. 


treme left-hand side of the circuit (Fig. 11-14c). 
In this position, the primary of the transtormer is 
on open-circuit. Consequently, both the primary 
and secondary currents are zero. As before, we 
can remove the transformer completely, leaving 
the equivalent circuit of Fig. 11-14d. 

In comparing Figs. 11-13a and 11-13e, we may 
wonder how a circuit which contains a real trans- 
former T can be reduced to a circuit which has no 
transformer at all. In effect, is there any useful 
relationship between the two circuits? And the 
same question applies to Fig. 11-14. The answer is 
yes - there is a useful relationship between the real 
circuit of Fig. 11-13a and the equivalent circuit of 
Fig. 11-13e. 

Suppose that the real voltage across Z, is Ey 
volts, and that the real current through it is /, am- 
peres (Fig. 11-15). Then, in the equivalent circuit, 
the voltage across the equivalent a°Za impedance Is 
equal to £4 x a volts. On the other hand, the cur- 
rent through the impedance is equal to /4 + a am- 
peres (Fig. 11-16). In other words, whenever an 
impedance is transferred to the primary side, the 
real voltage across the impedance increases by a 
factor a. Simultaneously, the real current through 
it decreases by a factor a. 

In general, whenever an impedance is trans- 
ferred from one side of a transformer to the other, 
the real voltage across it changes in proportion to 
the turns ratio. If the impedance is transferred to 
the side where the transformer voltage is higher, 
the voltage across the transferred impedance will 
also be higher. Conversely, if the impedance is 
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(b) 








(d) 





Figure 11-14 Shifting impedances. 





Figure 11-15 Actual voltage and current in an imped- Figure 11-16 Equivalent voltage and current. 


ance. 
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transferred to the side where the transformer volt- 
age is lower, the voltage across the transferred im- 
pedance is lower than the real voltage - again, of 
course, in the ratio of the number of turns. 


Example 11-5: 

Calculate voltage E and current J in the circuit of 
Fig. 11-17, knowing that ideal transformer T has a 
primary to secondary turns ratio of 1:100. 


522 20 kQ2 





1:100 


Figure 11-17 See Example 11-5. 


Solution: 

The easiest way to solve this problem is to shift all 
the impedances to either the primary or secondary 
side of the ideal transformer. In Fig. 11-18, we 
have shifted them to the primary side. Because the 
primary has 100 times fewer turns than the sec- 
Ondary, the impedance values are divided by 1007, 
or 10 000. Voltage E become £/100, but current J 
remains unchanged because it is already on the pri- 
mary side. 





Figure 11-18 Equivalent circuit of Fig. 11-17. 


a. 1 The impedance of the circuit in Fig. 11-18 is: 


Z = VR? +(X, -X,)? Eq. 7-16 


= V4" (b= 2) 
V16 +9 


= 52 
a2 I = E/Z = 10/5 = 2A 
a.3 E/100 = IR=2x4= 8 
..& = 800 V 


11-11 Ideal transformer with an imperfect core 


The ideal transformer of Fig. 11-11 has an infinite- 
ly permeable core. What happens if such a perfect 
core is replaced by an iron core having hysteresis 
and eddy-current losses, and whose permeability is 
rather low? We can represent these imperfections 
by two circuit elements R,, and Xp in parallel 
with the primary terminals of the ideal transform- 
er (Fig. 11-19). The resistance R,, represents the 
iron losses and the heat they produce. To furnish 
these losses, a small current /+¢ is drawn from the 
line. The reactance X,, represents the permeability 
of the transformer core. Thus, if the permeability 
is low, Xm is low. The current J flowing through 
Xm represents the magnetizing current needed to 
create the flux ®,, in the core. 

The respective impedances R,, and Xm, may be 
deduced from the following equations: 


Rm = E1"/Pmn (11-9) 
Rae. » (11-10) 

where 
Rm = resistance representing the iron losses 


[Q] 
Xm = reactance of the primary winding [Q] 
££, = Primary induced voltage [V] 
Pm = iron losses [W] 
Qn = reactive power needed to set up the 
mutual flux ®,, [vars] 

The total current needed to produce the flux 
®,, in an imperfect core is equal to the sum of I; 
and J. It is called the exciting current Io. The 
phasor diagram at no-load for a less-than-ideal 
transformer is given in Fig. 11-20. 





Figure 11-19 An imperfect core represented by a reac- 
tance and a resistance. 


Example 11-6: 

A large transformer operating at no-load draws an 
exciting current of 5 A when the primary is con- 
nected to a 120 V, 60 Hz source (Fig. 11-21a). 
From a wattmeter test, we know that the iron 
losses are equal to 180 W.* Calculate: 

a. the reactive power absorbed by the core; 

b. the value of Ry, and Xm; 

c. the value of /¢ and J. 





(a) 


Figure 11-21 a. See Example 11-6. 


Solution: 
a.1 The apparent power is: 
Sm = EI = 120x5 
= 600 VA 
a.2 Pr = 180W 
a. 3 The reactive power Is: 


Om =V Sm? ~ Pm” = V 6007 - 1807 


=572 vars 


S 


* ron losses are discussed in Sections 6-6 to 6-12. 
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Eg Ey 





Figure 11-20 Phasor diagram. 


1207/180 
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T 


1207/572 


oO 
NO 
be 
3 
| 
= 
Ss 
© 
3 
II 


= 120/80 


c.2 Io= E/Xm = 120/25 
= 48A 
c.3 The phasor diagram is given in Fig. 11-21b. 


=1.5A 


120 V 





(b) 
Figure 11-21 b. Phasor diagram, Example 11-6. 


11-12 Elementary transformer under load 


Now that we know the basic properties of an ideal 
transformer, we can begin a detailed analysis of a 
practical transformer. This analysis will give us a 
better understanding of transformers in general, 
and automatically leads us to the basic equivalent 
circuit of any power transformer. 

Consider the transformer in Fig. 11-22 con- 
nected to a source Eg and operating at no-load. 
The transformer is ideal in every respect, except 
that the flux produced by the primary is not com- 
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Figure 11-22 Transformer having leakage flux. 


pletely linked by the secondary. However, because 
the core is infinitely permeable, and because it has 
no losses, the no-load current /,; = 0. 

Let us now connect a load Z across the second- 


ary, keeping the source voltage Eg fixed (Fig. 


11-23). This simple operation sets off a train of 

events which we list as follows: 

1. The original secondary voltage &, (Fig. 11-22) 
causes an ac current J, to flow in the load; 

2. I, also flows in the secondary winding, prod- 
ucing a mmf N2/,; 

3. Nl. produces an ac flux ®,; 

4. A portion of ® (®,,,) links with the primary 
winding; : 

5. Another portion of ®, (®s) does not link with 
the primary. 

The mmf produced by /, thus upsets the mag- 
netic field which existed before J, began to flow. 
This modifies the previous situation so that the 
currents and voltages in Fig. 11-23 are quite differ- 
ent from those in Fig. 11-22. 

The question is, how can we bring order to this 
rather confusing situation, where the secondary 
current and voltage affect the primary voltage and 
Current, and vice-versa? 

Referring to Fig. 11-23, we reason as follows: 

First, the total flux produced by J, is still com- 
posed of two parts: a new mutual flux ®,,; anda 
new leakage flux Pry. 

Second, the total flux produced by J, is com- 
posed of a mutual flux ®,,. and a leakage flux Pe». 


genus f mM 1 Hina, 
‘io 


\) 





Figure 11-23 Mutual fluxes and leakage fluxes produced 
by a transformer under load. 


Third, we combine ®,,; and ®p> to show a sin- 
gle mutual flux ®,, (Fig. 11-24). This mutual flux 
is created by the joint action of the primary and 
secondary mmfs. Fluxes Py and ®m2 act in oppo- 
site directions because J, flows into a polarity 
mark (terminal 1) while J, flows out of a polarity 
mark (terminal 3). 
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Figure 11-24 A transformer possesses two leakage fluxes 
and a mutual flux. 


Fourth, we note that the primary leakage flux 
Ds, is created by N,J1, while the secondary leakage 
flux is created by NV2J>. Consequently, leakage flux 
5, is in phase with J; and leakage flux ®¢, is in 
phase with /. 

Fifth, the secondary induced voltage E, is now 
composed of two parts: 


1. a voltage Ey. induced by leakage flux Pz, 
and given by: 


Ef. = 4.44 [NP 4 (11-11) 
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Figure 11-25 Separating out the various induced voltages. 


2. a voltage F, induced by mutual flux ®,, and 
given by: 
E, = 4.44 fN,®, (11-12) 
In general, Ex, and £, are not in phase. 
Similarly, primary induced voltage Ey is com- 
posed of: 
3. a voltage Es, induced by leakage flux Pry 
and given by: 
Ey, = 4.44 [N,®4, (11-13) 
4. a voltage FE, induced by mutual flux ®,, and 
given by: 
E, = 4.44f{N,®, (11-14) 
Sixth, induced voltage Ey = applied voltage Eg. 
Using these six basic facts, we now proceed to 
develop the equivalent circuit of the transformer. 


11-13 Primary and secondary leakage reactance 


We can segregate the four voltages F£,, E>, E4, and 
Ey by rearranging the transformer circuit as 
shown in Fig. 11-25. The secondary winding is 
drawn twice to show even more clearly that the 
N, turns are linked by both ®¢z and ®p. This rear- 
rangement obviously does not change the induced 
voltages, but it does make each voltage stand out 
by itself. Thus, it becomes clear that £'f, is really a 
voltage drop across a reactance. This so-called sec- 
ondary leakage reactance X +, is given by: 


Xp = Eells (11-15) 


The primary winding is also shown twice, to 
separate E, from £,. Again, it is clear that L¢, is 
simply a voltage drop across a reactance. This so- 
called primary leakage reactance X +, is given by: 

Xe = Ee/Ti (11-16) 

The primary and secondary leakage reactances 
are shown in Fig. 11-26. We have also added the 
primary and secondary winding resistances R, and 
R, which, of course, act in series with the respec- 
tive windings. 


11-14 Equivalent circuit of a practical transformer 


The circuit of Fig. 11-26 is composed of resistive 
and inductive elements (R,, Ry, X¢#, X22, Z) 
coupled together by a mutual flux ®,, which links 
the primary and secondary windings. The leakage- 
free magnetic coupling enclosed in the dotted 
square is actually an ideal transformer. It possesses 
the same properties and obeys the same rules as 
the ideal transformer we discussed in Secs. 11-6 to 
11-11. For example, we can shift impedances to 
the primary side or the secondary side by multi- 
plying (or dividing) their values by a”, as we did 
before. 

If we add circuit elements X,, and Ry, to repre- 
sent a practical core, we obtain the complete 
equivalent circuit of a practical transformer (Fig. 
11-27). In this circuit, only the primary and sec- 





190 TRANSFORMERS 





ideal transformer T 


Figure 11-26 Resistance and leakage reactance of primary and secondary. 


I, 


—_—__» 





Figure 11-27 Complete equivalent circuit of a practical transformer. 


ondary terminals 1-2 and 3-4 are accessible: all 
other components are “‘buried’”’ inside the trans- 
former itself. However, by appropriate measure- 
ments and tests, we can find the values of all cir- 
cuit elements. 


Example 11-7: 

The secondary winding of a transformer possesses 

180 turns. When the transformer is under load, the 

secondary current has an effective value of 18 A, 

60 Hz. Furthermore, the mutual flux ®, has a 

peak value of 20 mWb. The secondary leakage flux 

D2 has a peak value of 3 mWb. Calculate: 

a. the voltage induced in the secondary winding 
by the leakage flux; 

b. the value of the secondary leakage reactance; 

c. the value of £5. 


Solution: 

a. Egy re 4.44 fN~P_, Eq. 11-11 
= 4.44 x 60 x 180 x 0.003 
= 143.9 V 


b. The leakage reactance is: 


X #2 oe E/T a 143.9/18 Eq. 11-15 
= 8 {2 
c. Ey = 4.44 fN,®, Eq. 11-12 


= 4.44 x 60 x 180 x 0.02 
959 V 


11-15 Construction of a power transformer 


We usually design a power transformer so that it 
approaches the characteristics of an ideal trans- 
former. Thus, to attain high permeability, the core 
is made of iron (Fig. 11-28a). The resulting mag- 
netizing current J, is at least 5000 times smaller 
than it would be if an air core were used. Further- 
more, to keep the iron losses down, the core is 
laminated, and high resistivity, high-grade silicon 
steel is used. Consequently, iron loss current I; is 
usually 2 to 10 times smaller than Im, and the re- 
sulting exciting current J is small. 

Leakage reactances X;, and X+, are made as 
small as possible by winding the primary and sec- 


laminated iron core 







(Dy 





Figure 11-28 a. Construction of a transformer. 


ondary coils on top of each other, and as closely 
together as insulation considerations will permit. 
The coils are carefully insulated from each other 
and from the core. Such tight coupling between 
the coils yields the highest possible secondary volt- 
age at no-load. It also guarantees good voltage reg- 
ulation when a load is connected to the secondary 
terminals. 

Winding resistances R; and A», are also mini- 
mized both to reduce the J?R loss and resulting 
heat and to ensure high efficiency. 

Figure 11-28a is a simplified version of a power 
transformer. In practice, the primary and second- 
ary coils are distributed over both core legs in 
order to reduce the amount of copper. For the 
same reason, in larger transformers the iron core 
cross section is not square (as shown) but is built 
up to be nearly circular. 

Figure 11-28b shows how the laminations of a 
small transformer are stacked to build up the core. 
Figure 11-28c shows the primary windings of a 
very big transformer. 

A transformer is reversible in the sense that 
either coil can be used as the primary winding. 
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Figure 11-28 b. Inserting laminations. 





Figure 11-28 c. Primary winding of a large transformer; 
rating 128 kV, 290 A. (ASEA) 
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The number of turns on the primary and sec- 
ondary windings depends upon their respective 
voltages. A high-voltage winding has far more turns 
than a low-voltage winding does. On the other 
hand, the current in a HV winding is much smaller, 
enabling us to use a smaller size conductor. The 
result is that the amount of copper in the primary 
and secondary windings is about the same. In prac- 
tice, the outer coil (coil 2, in Fig. 11-28a) weighs 
more because the length per turn is greater. Alu- 
minum or copper conductors are used. 


11-16 Losses, and nominal voltage, 
current and power 


Like any electrical machine, a transformer has 

losses. They are composed of: 

1. I*R losses in the windings; | 

2. hysteresis and eddy-current losses in the core; 

3. stray losses due to currents induced in the tank 
and metallic supports, by the primary and sec- 
ondary leakage fluxes. 

The losses appear in the form of heat and prod- 
uce 1) an increase in temperature and 2) a drop in 
efficiency. Under normal operating conditions, the 
efficiency of transformers is very high; it may 
reach 99.5 percent for very big power transformers. 
The heat produced by the iron losses depends 
upon the peak value of the mutual flux ®,,, which, 
in turn, depends upon the applied voltage. On the 
other hand, the heat dissipated in the windings 
depends upon the current they carry. Consequent- 
ly, to keep the transformer temperature at an ac- 
ceptable level, we must set limits to both the 
applied voltage and the current drawn by the load. 
These two limits determine the nominal voltage 
and nominal current of the transformer. 

The power rating of a transformer is equal to 
the product of the nominal voltage times nominal 
current. However, the result is not expressed in 
watts, because the phase angle between the voltage 
and current may have any value at all, depending 
on the nature of the load. Consequently, the 
power-handling capacity of a transformer is ex- 
pressed in volt-amperes (VA), in kilovolt-amperes 


(kVA) or in megavolt-amperes (MVA), depending 
on the size of the transformer. In effect, the tem- 
perature rise of the transformer is directly related 
to the apparent power which flows through it. 
This means that a 500 kVA transformer will get 
just as hot feeding a 500 kvar inductive load as a 
500 kW resistive load. 

The rated kVA, frequency and voltage are al- 
ways shown on the nameplate. In large transform- 
ers, the corresponding rated currents are also 
shown. | 


Example 11-8: 

The nameplate of a distribution transformer indi- 

cates 250 kVA, 60 Hz, primary 4160 V, secondary 

480 V. 

a. Calculate the nominal primary and secondary 
Currents. 

b. If we apply 2000 V to the 4160 V primary, can 
we still draw 250 kVA from the transformer? 


Solution: 
a. Nominal current of the 4160 V winding is: 
nominal S — 250 x 1000 


Ip = nominal Ey — 4160 60 A 


Nominal current of the 480 V winding is: 


nominal S — 250 x 1000 _ 


Is = nominal E, 480 ese 


b. By applying 2000 V to the primary, the flux 
and the iron losses will be lower than normal 
and the core will be cooler. However, the load 
current should not exceed its nominal value, 
otherwise the windings will overheat. Conse- 
quently, the maximum power output using this 
lower voltage is: 

S = 2000Vx60A = 120 kVA 


11-17 No-load saturation curve 


Let us apply a gradually increasing ac voltage Ep to 
the primary of a transformer, with the secondary 
open-circuited. As the voltage rises, the mutual 
flux ®,, increases in accordance with Eq. 11-2. Ex- 


citing current Jg will also increase but, when the 
iron begins to saturate, the current has to increase 
much more to produce the required flux. If we 
draw a graph of Ep versus J, we see the dramatic 
increase in current as we pass the saturation point 
(Fig. 11-29). Transformers are usually designed to 
operate at a peak flux density of about 1.5 T, 
which corresponds roughly to the knee of the satu- 
ration curve. Thus, when nominal voltage is 
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Figure 11-29 No-load saturation curve of a 167 kVA, 
14.4 kV/480 V, 60 Hz transformer. 


applied to a transformer, the corresponding flux 
density is about 1.5 T. We can exceed the nominal 
voltage by perhaps 20 percent, but if we apply 
twice the nominal voltage, the exciting current 
may exceed the nominal full-load current, even 
when the transformer is not loaded. 

The non-linear relationship between Ep and Io 
shows that the exciting branch (composed of Rm 
and X,,) is not as constant as it appears. In effect, 
although R,, is reasonably constant, Xp decreases 
rapidly with increasing saturation. However, be- 
cause transformers usually operate at close to 
rated voltage, Ry, and Xp remain essentially con- 
stant. In any. event, at full load, a slight change in 
voltage makes no difference because current Jo is 
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swamped by the much larger load current J; (Fig. 
11-27). 


11-18 Nominal impedance of a transformer 


The nominal impedance of a transformer is the 
value of the load impedance when the transformer 
delivers full power. It is equal to E,/J,, where Ey, 
and J, are the nominal voltage and nominal cur- 
rent on either the primary or secondary side. The 
nominal impedance may also be calculated by the 


equation: 
Dog Ene Se (11-17) 
where 
Zr = nominal impedance of the transformer 
[$2] 
S, = nominal power rating of the transformer 
[VA] 


Ey, = nominal voltage of the transformer on 
either the primary or secondary side [V] 

Because the primary and secondary voltages are 
usually different, it follows that a transformer has 
two nominal impedances, one for the primary and 
one for the secondary. Depending upon the respec- 
tive voltages, the two impedances may be vastly 
different. 


Example 11-9: 

Calculate the nominal impedance of a 250 kVA, 
4160 V/480 V, 60 Hz transformer, on the primary 
and secondary side. 


Solution: 
a. 1 Nominal primary impedance is: 
Znp = Ep’/Sp = 41607/250 000 
= 69 Q2 
a.2 Nominal secondary impedance ts: 
Zng = Es?/Sn = 4807/250 000 
= 0.92 2 


11-19 Per-unit impedance 


We can get a better idea of the relative magnitude 
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TABLE 11A TYPICAL PER-UNIT VALUES OF TRANSFORMERS 





Figure 11-30 Equivalent circuit of a transformer. 








Circuit Element Typical per-unit values 
(see Fig. 11-30) 3 kVA to 250 kVA 1 MVA to 100 MVA 
R, or Ro 0.009 - 0.005 0.005 - 0.002 
X44 or X49 0.008 - 0.025 0.03 - 0.06 

Any 20 - 30 30 - 50 

Rm 20 - 50 100 - 500 

Io 0.05 - 0.03 0.03 - 0.02 
of the various circuit elements of a transformer by Solution: 
comparing their impedances with the nominal We first determine the nominal impedances on the 
impedance of the transformer. In making the com- primary and secondary side. From the results of 
parison, elements located on the primary side are Example 11-9, we have: Znp = 69 Q and Z,, = 
compared with the primary nominal impedance. 0.92 (2. We now calculate the various impedances 
Similarly, elements on the secondary side are com- by multiplying Z,, and Z,, by the per-unit values 
pared with the secondary nominal impedance. The given in Table 11A. Thus, referring to Fig. 11-30, 
comparison can be made either on a percent or on we find: 
a per-unit basis; we shall use the latter. Typical R, = 0.005x69 = 0.359 
per-unit values are listed in Table 11A. Ry, = 0.005 x 0.92 = 4.6 mQ 

Xt, = 0.025x60 = 1.50 

Example 11-10: Xf. = 0.025 x 0.92 = 23 mQ 
Using the information given in Table 11A, calcu- Xm = 30x 69 = 20702 = 2kQ 
late the approximate values of the equivalent- Rm = 50x 69 = 34502 = 3.5k2 
Circuit impedances of a 250 kVA, 4160 V/480 V, This example shows the power of the per-unit 


60 Hz distribution transformer. method of estimating impedances. The equivalent 


0.3502 1.5 2 





23mQ 4.6 mQ 


_ 4160 _ 
a= 480 8.67 






Figure 11-31 See Example 11-10. 


circuit is shown in Fig. 11-31. The actual values 
may be 20 percent higher or lower than indicated. 


11-20 Simplifying the equivalent circuit 


The equivalent circuit of a transformer (Fig. 11-30) 
is relatively simple, but it is far more exact than 
needed in most practical applications. Consequent- 
ly, we can often simplify it to make the calcula- 
tions easier. To illustrate, let us try to simplify the 
circuit when the transformer operates a) at no-load 
and b) at full-load. 


(a) Atno-load, I, is zero and so is J, because T is 
an ideal transformer (Fig. 11-32). Consequently, 
only the exciting current /g flows in R, and X¢. 
These impedances are so small that the voltage 
drop across them is negligible. Furthermore, the 
voltage drop across Ry and X¢5 is zero. We can 
therefore neglect these impedances entirely, giving 
us the much simpler circuit of Fig. 11-33. The turn 
ratio, a = E/E, is obviously equal to the ratio of 
the primary to secondary voltages E/E measured 
across the terminals. 


(b) At full-load, Ip is at least 20 times larger 
than Jo. Consequently, we can neglect Jp and the 
corresponding magnetizing branch. The resulting 
circuit is shown in Fig. 11-34. This simplified cir- 
Cuit may be used whenever the load exceeds 15 
percent of the rated capacity of the transformer. 
We can simplify the circuit still more by 
shifting everything to the primary side, thus elimi- 
nating transformer T (Fig. 11-35). By adding the 
respective resistances and reactances, we obtain 
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Figure 11-32 Complete equivalent circuit of a transform- 
er at no-load. 








Figure 11-34 Simplified equivalent circuit of a trans- 
former at full load. 





Figure 11-35 Equivalent circuit with impedances shifted 
to the primary side. 
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Figure 11-36 Total transformer resistance and reactance 
referred to the primary side. 


the circuit of Fig. 11-36. In this circuit, 


(11-18) 
(11-19) 


Rp = Rit aR, 
Xp = X 4 +- aX ¢> 


where 
Rp = equivalent transformer resistance referred 
to the primary side 
Xp = equivalent transformer leakage reactance 
referred to the primary side 
The combination of Rp and Xp constitutes the 
total transformer impedance Zp referred to the pri- 
mary side. From Eq. 7-15, we have: 


25> VRp + Xp 


Impedance Zp is usually expressed as either a 
percent or a per-unit of the nominal primary im- 
pedance Znp: mentioned before. The per-unit im- 
pedance is always given on the nameplate of the 
transformer. 

Transformers above 500 kVA possess a leakage 
reactance Xp at least five times greater than Rp. In 
such transformers, we can neglect Rp, as far as 
voltage regulation is concerned.” The equivalent 
circuit is thus reduced to a simple reactance Xp be- 
tween the source and the load (Fig. 11-37). In con- 
clusion, it is really quite remarkable that the rela- 
tively complex circuit of Fig. 11-30 can be re- 


(11-20) 


* The full load regulation of a power transformer is the 
change in secondary voltage, expressed in percent of 
rated secondary voltage, which occurs when the rated 
kVA output at a specified power factor is reduced to 
zero, with the primary impressed terminal voltage 
maintained constant. 





Figure 11-37 The internal impedance of large transform- 
ers is mainly reactive. 


duced to a simple reactance in series with the load. 


Example 11-11: 

A single-phase transformer rated 3000 kVA, 

69 kV/4.16 kV, 60 Hz has an impedance of 8 per- 

cent. Calculate: 

a. the internal impedance of the transformer re- 
ferred to the primary side; 

b. the voltage regulation from no-load to full-load 
for a 2000 kW resistive load; 

c. the primary and secondary currents if the sec- 
ondary is accidentally short-circuited. 


Solution: 
a. 1 > Nominal transformer impedance on primary 
side: 
Znp = En?/Sy = 69 0007/3 000 000 
= 1587 Q 


a.2 Zp = 1587 x 0.08 = 127 22 
a.3 Because the windings have negligible resis- 
tance compared to their leakage reactance, 
we can write: 
Xp = 127 92 (Fig. 11-38a) 


Xp = 127.Q Is 





69 kV 


Figure 11-38 a. See Example 11-11. 


b.1 Approximate impedance Z of a 2000 kW 
load: 
Z = E2/P = 41607/2 000 000 = 8.65 2 
b.2 Impedance referred to primary side: 


a’Z = (2) x 8.65 = 23802 
4.16 


Xp = 1272 





(b) 


Figure 11-38 b. See Example 11-11. 


b.3 Referring to Fig. 11-38b, we have: 


Ip = 69 000/V 127? + 23807 = 28.95A 


b.4 ak, = (a°Z)Ip = 2380 x 28.95 
= 68 902 V 
E, = 68 902 x (4.16/69) = 4154 V 


b.5 Secondary no-load voltage = 4160 V 
b.6 Voltage regulation in percent is: 
no-load voltage - full-load voltage 
no-load voltage 
4160 - 4154 
4160 
The voltage regulation is excellent. 

c.1 Referring again to Fig. 11-38b, if the second- 
ondary is accidentally short-circuited, we 
find: 

Ip = Ep/Xp = 69 000/127 
= 543A 

c.2 The corresponding current /, on the second- 
ary side: 

I; = aly = (69/4.16) x 543 
= QOO6A 
The short-circuit currents are 12.5 times 
greater than the rated values. The I?R losses 
are therefore 156 times greater than normal 
and the circuit-breaker or fuse protecting the 
transformer must open immediately to prevent 
overheating. Very powerful electromagnetic forces 


x 100 


x 100 = 0.14 percent 
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are also set up. They, too, are 156 times stronger 
than normal and, unless the windings are firmly 
braced and supported, they may be damaged or 
torn apart. 


11-21 Measuring transformer impedances 


We can determine all the internal impedances 
shown in Fig. 11-30 by means of an open-circuit 
test and a short-circuit test on the transformer. 
During the open-circuit test, rated voltage is 
applied to the primary winding and current Jp, 
voltage Ly, and active power P,, are measured 


(Fig. 11-39). The secondary open-circuit voltage 





Figure 11-39 Open-circuit test and determination of 
Rm, Xm, and turns ratio. 


EF’, is also measured. We can make the following 
calculations: 

active power absorbed by core = Pr 

apparent power absorbed by core = Sj, = Fplo 


reactive power absorbed by core = On 
= VSm*-Pm 
Rae = Ls Pe Eq. 11-9 
Xm = Ep*/Qm Eq. 11-10 
a = N,/N2 = Ep/E; Eq. 11-5 


During the short-circuit test, the secondary 
winding is shorted and a much lower-than-normal 
voltage (ordinarily less than 5 percent of rated 
voltage) is applied to the primary. The primary 
current should not exceed its nominal value to pre- 
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vent overheating and a consequent rapid change in 
winding resistance. 

Voltage F’.,, current [,, and power Ps, are mea- 
sured as before (Fig. 11-40) and the following cal- 





Figure 11-40 Short-circuit test to determine leakage 
reactance and winding resistance. 


culations made: 


Zig = Bealls (11-21) 
Ree Pellet (11-22) 
Xp = VZp- Rp’ Eq. 11-20 


Example 11-12: 

During a short-circuit test on a 5OOKVA, 
69 kV/4.16 kV, 60 Hz transformer, voltage, cur- 
rent and power were measured as follows: Ey, = 
2600 V;I,, = 4A;Ps. = 2400 W (see Fig. 11-40). 
Calculate the value of the reactance and resistance 
of the transformer, referred to the primary, as well 
as the percent impedance. 


Solution: 

Referring to the equivalent circuit of the trans- 
former under short-circuit conditions (Fig. 11-41a), 
we find the following values: 


Zp = Ege/Tge = 2600/4 = 650 2 
Rp = Pyc/Igc’ = 2400/16 = 1502 
Xp = V650? - 150? = 632 2 


Nominal primary voltage: 
E’'p = 69 kV 


Nominal primary current: 
Ip = 500 kVA/69 kV = 7.25A 
Nominal impedance referred to the primary: 
Zap = Ep/lo = 69 000/7.25 = 9517 Q 





(a) 


Figure 11-41 a. See Example 11-12. 


Per-unitimpedance = Zp/Zp 5 = 650/9517 
= 0.0682 
(Percent impedance = 6.82) 


Per-unit reactance = Xp/Zpp = 632/9517 


= 0.0664 

(Percent reactance = 6.64) 
Per-unit resistance = Rp/Zpp = 1590/9517 

= 0.0158 


(Percent resistance = 1.58) 


Example 11-13: 
An open-circuit test on the transformer given in 
Example 11-12 yields the following results when 
the /ow vo/tage winding is excited. (In some cases, 
such as in a repair shop, a 69 kV voltage may not 
be available and the open-circuit test has to be 
done by exciting the LV winding.) 
E, = 4160 V I5= 2A Pm = 5000 W 
Calculate the voltage regulation and efficiency 
of the transformer when it supplies a 250 kVA, 80 
percent power factor (lagging) load. 


Solution: 

Industrial loads and voltages fluctuate all the time. 
Thus, when we state that a load is 250 kVA, with 
cos 0 = 0.8, it is understood that the load is about 
250 kVA and that the power factor is about 0.8. 
Furthermore, the primary voltage is about 69 kV. 


Consequently, in calculating voltage regulation and 

efficiency, there is no point in arriving at a precise 

mathematical answer, even if we were able to give 

it. Knowing this, we can make certain assumptions 
Rp Xp 

1 1502 6322 3 
et 







I,= 
R 3.62 A 250 kVA 
m 
i 5000 W 69 kV | trans- ort 


(b) 

Figure 11-41 b. See Example 11-13. 
that make it much easier to arrive at a solution. 

The equivalent circuit may be represented by 
Fig. 11-41b. The values of Rp and Xp are already 
Known, and so we only have to add the magne- 
tizing branch. Let us assume that the voltage 
across the load is 4160 V. We now calculate the 
efficiency of the transformer. 


a. 1 The load current is: 
I, = S/E,; = 250 000/4160 
= 60A 
a.2 J, = I,/a = 60x 4.16/69 
= 362A 
a.3 The copper loss is: 
Poopper = 11’Rp = 3.627 x 150 
= 1966 W 
a.4 The iron loss is equal to that measured on 
the LV side of the transformer: 
Piron = 5000 W 
a.5 Total losses are: 
Piosses = 5000 + 1966 
= 6966 W = 7 kW 
a.6 The active power to the load is: 
Py = Scos@ = 250x0.8 
= 200 kW 
a./ The efficiency is: 
n = P)/P; = 200/(200 + 7) 
= 0.966 or 96.6 percent 
Note that in making the above calculations, 
we only consider the active power. The reac- 


.11 
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tive power does not enter into efficiency cal- 
culations. Let us now determine the voltage 
regulation. 
In examining Fig. 11-41b, it is obvious that 
the presence of the magnetizing branch does 
not affect the voltage drop across Ry and Xp. 
Consequently, the magnetizing branch does 
not affect the voltage regulation. 
We could determine the regulation by 
drawing a phasor diagram, but we shall use 
the method explained in Sec. 8-13, based on 
active and reactive powers. 
The active power absorbed by the load is: 
P = Scos@é = 250x 0.8 
= 200 kW 
The reactive power abosrbed by the load is: 
0 = VS -P* = V 250" - 2007 
= 150 kvar 
The active and reactive power absorbed by 
“terminals” 3, 4 are: 
P = 200kW, QO = 150 kvar 
because the ideal transformer consumes no 
active or reactive power. 
Reactive power associated with Xp is: 
Ox,= 1,°Xp = 3.627 x 632 
= 8.28 kvar 
Active power associated with Rj is: 
P, = I?Rp = 3.62? x 150 
= 1.97 kW 
Active power input to terminals 1-2 is: 
P,= P+P, = 200+ 1.97 
= 202 kW 
Reactive power input to terminals 1-2 is: 
O,= Q+Q, = 150+ 8.28 
= 158 kvar 
Apparent power input to terminals 1-2 is: 
S,= VP,2+0O,? = V202? + 158? 
= 256.4 kVA 
Voltage across terminals 1-2 is: 
E'yn = S§,/I, = 256 400/3.62 
= 70829 V 
If the load were suddenly removed, the volt- 
age drop across Ry and Xp, would disappear, 
and the voltage across the open-circuit sec- 
ondary terminals would rise from 4160 V to: 
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E,= 4160 x (70 829/69 000) 
= 4270 V 
b. 13 The voltage regulation is therefore: 
Regulation = (4270 - 4160)/4270 
0.0264 


2.64 percent 


11-22 Standard terminal markings 


We saw in Sec. 11-4 that the polarity of a trans- 
former can be shown by means of dots on the pri- 
mary and secondary terminals. This type of 
marking is used on instrument transformers. On 
power transformers, however, the terminals are 
designated by the symbols H, and Hp, for the high- 
voltage (HV) winding and by X, and X, for the 
low-voltage (LV) winding. By convention, H,; and 
X, have the same polarity. 

Although the polarity is known when the sym- 
bols H,, Hz, X; and X, are given, it is common 
practice to mount the four terminals in a standard 
way so that the transformer has either add/tive or 
subtractive polarity. A transformer is said to have 
additive polarity when terminal H, is diagonally 


additive polarity 


subtractive polarity 





Figure 11-42 Additive and subtractive polarity depends 
on the location of the H, - X, terminals. 


opposite terminal X,. Similarly, a transformer has 
subtractive polarity when terminal H, is adjacent 
to terminal X, (Fig. 11-42). If we know that a 
transformer has additive (or subtractive) polarity, 
we do not have to identify the terminals by sym- 
bols. 

Subtractive polarity is standard for all single- 
phase transformers above 200 kVA provided the 
high-voltage winding is rated above 8660 V. All 
other transformers have additive polarity. 


11-23 Polarity tests 


To determine whether a transformer possesses ad- 
ditive or subtractive polarity, we connect the high- 
voltage winding to an ac source Eg. A jumper J is 
connected between any two adjacent HV and LV 
terminals, and a voltmeter /£, is connected be- 
tween the other two adjacent HV and LV termi- 
nals (Fig. 11-43a). Another voltmeter £', is con- 


J 





(a) 


Figure 11-43 a. Determining the polarity of a trans- 
former using an ac source. 


nected across the HV winding. If £, gives a higher 
reading than Ep, the polarity is additive. This tells 
us that H; and X, are diagonally opposite. On the 
other hand, if £, gives a lower reading than Ep, the 
polarity is subtractive, and terminals H; and X, are 
adjacent. 

In this polarity test, jumper J effectively con- 
nects the secondary voltage /, in series with the 
primary voltage £5. Consequently, /, either adds 
to or subtracts from Ep. In other words, Ey = Ey + 
E, or Ey = Ep - E's, depending on the polarity. We 
can now see how the terms “‘additive’’ and ‘“‘sub- 
tractive’ originated. 

In making the polarity test, an ordinary 120 V, 
60 Hz source can be connected to the HV winding, 
even though its nominal voltage may be several 
hundred kilovolts. 


Example 11-14: 

During a polarity test on a 500 kVA, 69 kV/600 V 
transformer (Fig. 11-43a), the following readings 
are obtained: Ey, = 118 V, Ey = 119 V. Determine 
the polarity markings of the terminals. 


Solution: 
The polarity is additive because FE, is greater than 
Eo. Consequently, the HV and LV terminals con- 


nected by the jumper must respectively be labelled 
H, and X» (or H, and X;). 





(b) 


Figure 11-43 b. Determining the polarity of a trans- 
former using a de source. 


Figure 11-43b shows another circuit which may 
be used to determine the polarity of a transformer. 
A dc source, in series with an open switch, is con- 
nected to the LV winding of the transformer. The 
terminal connected to the positive side of the 
source is marked X,. A dc voltmeter is connected 
across the HV terminals. When the switch is closed, 
a voltage is momentarily induced in the HV 
winding. If, at this moment, the pointer of the 
voltmeter moves upscale, the transformer terminal 
connected to the (+) terminal of the voltmeter is 
marked H, and the other is marked Hp. 


11-24 Transformer taps 


Owing to the internal impedance Zp of a trans- 
former, the secondary voltage tends to fall with in- 
creasing load. The drop from no-load to full-load 
seldom exceeds 2 percent and may often be ne- 
glected. However, owing to additional voltage 
drops in transmission lines, the voltage on a system 
may consistently be lower than normal. Thus, a 
transformer having a ratio of 2400 V to 120 V 
may be connected to a transmission line where the 
voltage is never higher than 2000 V. Under these 
conditions, the voltage across the secondary is con- 
siderably less than 120 V. Incandescent lamps are 
dim, electric stoves take longer to cook food, and 
electric motors may stall under quite moderate 
overloads. | 
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To correct this problem, taps are provided on 
the primary windings of distribution transformers 
(Fig. 11-44). Taps enable us to change the trans- 
former ratio so as to raise the secondary voltage by 
4%, 9 or 13% percent. We can therefore maintain 


primary | secondary 

voltage | voltage 
Paez [0 | 2a00v] 120v 
wy 
9 [2teav] 120v 





Figure 11-44 Taps ona transformer. 


a satisfactory secondary voltage, even though the 
primary voltage may be 4%, 9, or 13% percent be- 
low normal. Thus, referring to the transformer of 
Fig. 11-44, we obtain 120 V across the secondary 
whether we apply 2400 V between taps 1 and 2, 
or 2076 V between taps 71 and 5. 

Some transformers are designed to change the 
taps automatically, whenever the secondary volt- 
age is above or below a preset level. Such tap- 
changing transformers help maintain the secondary 
voltage within £2 percent of its rated value 
throughout the day. 


11-25 Transformers in parallel 


When a growing load eventually exceeds the power 
rating of an installed transformer, we sometimes 
connect a second transformer in parallel with it. 
To ensure proper load-sharing between the two, 
they must possess: 
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a. the same primary and secondary voltages; 
b. the same per-unit impedance. 

Particular attention must be paid to the polari- 
ty of each transformer, so that only terminals 
having the same polarity are connected together 
(Fig. 11-45). An error in polarity produces a dead 
short-circuit as soon as the transformers are ex- 
cited. 








Figure 11-45 Connecting transformers in parallel to 
share a load. 


Example 11-15: 

A 100 kVA transformer is to be connected in par- 
allel with an existing 250 kVA transformer to 
supply a load of 330 kVA. Both transformers are 
rated 7200 V/240 V, but the 100 kVA unit has an 





Figure 11-46 a. Actual transformer connections. 


impedance of 4 percent while the 250 kVA trans- 

former has an impedance of 6 percent (Fig. 

11-46a). Calculate: 

a. the nominal primary current of each transform- 
er; 

b. the equivalent impedance of the load referred 
to the primary side; 

c. the internal impedance of each transformer re- 
ferred to the primary side; 

d. the actual primary current in each transformer. 


Solution: 
a. 1 Nominal primary current of the 250 kVA 
unit: 


Ini = 250 000/7200 = 34.7A 
a.2 Nominal primary current of the 100 kVA 
unit: 
Ing = 100 000/7200 = 13.9A 
b. 1 The equivalent circuit of the two transform- 
ers and the load, referred to the primary 
side, is given in Fig. 11-46b. Note that trans- 
former impedances Zp and Zp2 are consid- 
ered to be entirely reactive. This assumption 
is justified because the transformers are fair- 
ly big. The magnetizing branches (R,, and 
Xm) are neglected because they have a negli- 
gible effect on the load currents. The circuit 
elements can be rearranged to yield the cir- 
cuit of Fig. 11-46c. 
b.2 Load impedance referred to the primary 


250 kVA 


Figure 11-46 b. Circuit diagram. 


side: 
Z = Ep’/Sioaq = 72007/330 000 
157 QQ 
b.3 The approximate load current: 
I= Stoad/E'p = 330 0000/7200 = 46A 
c.1 Nominal impedance of the 250 kVA unit: 
Znp1 = 72007/250 000 = 2072 
_ Internal impedance referred to the primary 
side: 
Zp1 = 0.06 x 207 = 12.4 
c.2 Nominal impedance of the 100 kVA unit: 

Znp2 = 72007/100 000 = 5182 
Internal impedance referred to the primary 
side: 

Zo2 = 0.04 x 518 = 20.70 

d.1 Referring to Fig. 11-46c, we easily find that 
the 46 A load current divides in the follow- 
ing way: 

I, = 46x 20.7/(12.4 + 20.7) = 28.8A 

I, = 46-28.8 = 17.2A 
The 100 kVA transformer is seriously over- 
loaded because it carries a primary current 
of 17.2 A, which is 25 percent above its 
nominal value of 13.9 A. The 250 kVA unit 
is not overloaded (compare 28.8A_ vs 
34.7 A). 

The 100 kVA transformer is overloaded 
because of its low impedance (4 percent), 
compared to the impedance of the 250 kVA 
transformer (6 percent). A low-impedance 
transformer always tends to carry more than 
its proportionate share of the load. If the 
percent impedances were equal, the load 


1,=28.8A 


7200 V 


(c) 


Figure 11-46 c. Equivalent circuit. 





TRANSFORMERS 203 


would be shared between the transformers in 
Proportion to their respective power ratings. 


11-26 Cooling methods 


To prevent rapid deterioration of the insulating 
materials inside a transformer, adequate cooling of 
the windings and core must be provided. 
Low-power transformers below 50 kVA can be 
cooled by the natural flow of the surrounding air. 
The metallic housing is fitted with ventilating lou- 
vres so that convection currents may flow over the 
windings and around the core (Fig. 11-47). Larger 





Figure 11-47 Single-phase transformer, type AA, rated 
15 kVA, 600 V/240 V, 60 Hz, insulation 
class 150°C for indoor use. Height: 

600 mm; width: 434 mm; depth: 230 mm: 
weight: 79.5 kg. (Hammond) 


transformers can be built the same way, but forced 
circulation of clean air must be used. Such dry- 
type transformers are used inside buildings, away 
from hostile atmospheres. 

Distribution transformers below 200 kVA are 
usually immersed in mineral oil and enclosed in a 





204 TRANSFORMERS 


steel tank. Oil carries the heat away to the tank, 
where it is dissipated by radiation and convection 
to the outside air (Fig. 11-48). Oil is a much better 
insulator than air is; consequently, it is invariably 
used on high-voltage transformers. 





Figure 11-48 Two single-phase transformers, type OA, 
rated 75 kVA, 14.4 kV/240V, 60Hz, 
55°C temperature rise, impedance 4.2%. 
The small radiators at the side increase the 


effective cooling area. 


As the power rating increases, we add external 
radiators to increase the cooling surface of the oil- 
filled tank (Fig. 11-49). Oil circulates around the 
transformer and moves through the radiators 
where the heat is again released to surrounding air. 
For still higher ratings, cooling fans blow air over 
the radiators (Fig. 11-50). 

For transformers in the megawatt range, 
cooling may be effected by an oil-water heat ex- 
changer. Hot oil from the transformer is pumped 
through a serpentine tube which is in contact with 
cool water. Such a heat exchanger is very effective, 
but also very costly, because the water itself has to 
be continuously cooled and recirculated. 





Figure 11-49 Three phase, type OA grounding trans- 
former, rated 1900 kVA, 26.4 kV, 60 Hz. 
The power of this transformer is 25 times 
greater than that of the transformers 
shown in Fig. 11-48, but it is still self- 
cooled. Note, however, that the radiators 
occupy as much room as the transformer 
itself. 


Some big transformers are designed to have a 
variable rating, depending on the method of 
cooling used. Thus, a transformer may have a 
triple rating of 18 000/24 000/32 000 kVA de- 
pending on whether it is cooled by the natural cir- 
culation of air (18 000 kVA) by forced air cooling 
with fans (24 000 kVA) or by the forced circula- 
tion of oil accompanied by forced air cooling 
(32 000 kVA). These elaborate cooling systems are 
nevertheless economical because they enable a 
much bigger output from a transformer of a given 
size (Fig. 11-51). 
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Figure 11-50 


Three-phase, type FOA, transformer rated 
1300 MVA, 24.5 kV/345 kV, 60 Hz, 65°C tem- 
perature rise, impedance: 11.5%. This step-up 
transformer, installed at a nuclear power gener- 
ating station, is one of the largest units ever 
built. The forced-oil circulating pumps can be 
seen just below thecooling fans. (Westinghouse) 


Figure 11-51 


Three-phase, type OA/FA/FOA transformer 
rated 36/48/60 MVA, 225 kV/26.4 kV, 60 Hz, 
impedance 7.4%. The circular tank enables the 
oil to expand as the temperature rises and re- 
duces the surface of the oil in contact with air. 
Other details: 


weight of core and coils 37.7 t 
weight of tank and accessories 28.6 t 
weight of oil (44.8 m?) 38.2 t 

Total weight 104.5 t 
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The type of transformer cooling is given by the 
following typical designations: ~ 
AA - dry-type self-cooled 
AFA - dry-type forced-air cooled 
OA - oil-immersed, self-cooled 
OA/FA - oil-immersed, self-cooled / forced- 
air cooled 
OA/FA/FOA - oil-immersed self-cooled / forced- 
air cooled / forced-air, forced-oil- 
cooled 
The temperature rise by resistance of oil- 
immersed transformers is either 55 C or 65°C. The 
temperature must be kept low to preserve the 
quality of the oil. By contrast, the temperature 
rise by resistance of a dry-type transformer may be 
as high as 180°C, depending on the type of insula- 
tion used. 


* Drawn from IEEE Std. 462-1973 


QUESTIONS AND PROBLEMS 
Practical level 


11-1 Name the principal components of a trans- 
former. 

11-2 What purpose does the no-load current of a 
transformer serve? 

11-3 Explain how a voltage is induced in the sec- 
ondary winding of a transformer. 

11-4 The secondary winding of a transformer has 
twice as many turns as the primary. Is the 
secondary voltage higher or lower than the 
primary voltage? 

11-5 State the voltage and current relationships 
between the primary and secondary wind- 
ings of a transformer under load. The prima- 
ry and secondary windings have N,; and N» 
turns, respectively. 

11-6 Name the losses produced in a transformer. 

11-7 Which winding is connected to the load: the 
primary or secondary? 

11-8 What conditions must be met in order to 
connect two transformers in parallel? 


11-9 What is the purpose of taps on a transform- 
er? 

11-10 Name three methods used to cool trans- 
formers? 

11-11 The primary of a transformer is connected 
to a 600 V, 60 Hz source. If the primary has 
1200 turns and the secondary 240, calculate 
the secondary voltage. 

11-12 The windings of a transformer respectively 
have 300 and 7500 turns. If the low-voltage 
winding is excited by a 2400 V source, cal- 
culate the voltage across the HV winding. 

11-13 A 6.9 kV transmission line is connected to 
a transformer having 1500 turns on the pri- 
mary and 24 turns on the secondary. If the 
load across the secondary has an impedance 
of 5 £2, calculate: 

a. the secondary voltage; 
b. the primary and secondary currents. 

11-14 The primary of a transformer has twice as 
many turns as the secondary. The primary 
voltage is 220 V anda 5 Q2 load is connected 
across the secondary. Calculate the power 
delivered by the transformer, as well as the 
primary and secondary currents. 

11-15 A 3000 kVA transformer has a ratio of 
60 kV to 2.4 kV. Calculate the nominal cur- 
rent of each winding. 


Intermediate level 


11-16 In problem 11-11, calculate the peak value 
of the flux in the core. 

11-17 Explain why the flux in a 60 Hz trans- 
former remains fixed as long as the ac supply 
voltage is fixed. 

11-18 The transformer in Fig. 11-52 is excited by 
a 120 V, 60 Hz source, and draws a no-load 
current [) of 3A. The primary and second- 
ary windings respectively possess 200 and 
600 turns. If 40 percent of the primary flux 
is linked by the secondary, calculate: 

a. the voltage indicated by the voltmeter; 
b. the peak value of flux ®; 
c. the peak value of ®,,. 
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Figure 11-52 See Problem 11-18. 


d. Draw the phasor diagram showing £,, £2, 
Io, Pry and PF. 

11-19 In Fig. 11-53, when 600 V is applied to ter- 
minals H,, Hz, 80 V is measured across ter- 
minals X4, X2. 

a. What is the voltage between terminals H, 
and X4? 

b. If terminals H,X, are connected together, 
calculate the voltage across terminals 
HX. 

c. Does the transformer have additive or 
subtractive polarity? 

11-20a. Referring to Fig. 11-45, what would hap- 

pen if we reversed terminals H, and H, of 
transformer B? 

b. Would the operation of the transformer 
band be affected if terminals H,H2 and 
X,X2 of transformer B were reversed? 
Explain. 

11-21 Explain why the secondary voltage of a 
practical transformer decreases with in- 
creasing resistive load. 

11-22 What is meant by: 

a. transformer impedance; 

b. percent impedance of a transformer? 

11-23 The transformer in Problem 11-15 has an 
impedance of 6 percent. Calculate the im- 
pedance [{2] referred to: 

a. the 60 kV primary; 

b. the 2.4 kV secondary. 


11-24 A 2300 V line is connected to terminals 1 
and 4 in Fig. 11-44. Calculate: 


Figure 11-53 See Problem 11-19. 


a. the voltage between terminals X, and X2; 
b. the current in each winding, if a 12kVA 
load is connected across the secondary. 
11-25 A 66.7 MVA transformer has an efficiency 
of 99.3 percent when it delivers full power 
to a load having a power factor of 100 per- 
cent. | 
a. Calculate the losses in the transformer 
under these conditions; 
b. Calculate the losses and efficiency when 
the transformer delivers 66.7 MVA to a 
load having a power factor of 80 percent. 
11-26 If the transformer shown in Fig. 11-47 
were placed ina tank of oil, the temperature 
rise would have to be reduced to 65. Ex- 
plain. 


Advanced level 
11-27 Referring to Fig. 11-54, calculate the peak 


value of flux in the core if the transformer is 
supplied by a 50 Hz source. 


N, = 300 
I, (96 A) 


N, = 1200 





Figure 11-54 See Problem 11-27. 
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11-28 The impedance of a transformer increases 
as we reduce the coupling between the pri- 
mary and secondary windings. Explain. 

11-29 The following information is given for the 
transformer circuit of Fig. 11-34. 


Ry, = 18Q Ey = 14.4 kV (nominal) 
Ry = 0.0058 EF, = 240 V (nominal) 
X Fy = 40 Q X49 = 0.01 2 


If the transformer has a nominal rating of 

75 kVA, calculate: 

a. the transformer impedance [2] referred 
to the primary side; 

b. the percent impedance of the transform- 
er; 

c. the impedance [{2] referred to the sec- 
ondary side; 

d. the percent impedance referred to the 
secondary side; 

e. the total copper losses at full load; 

f. the percent resistance and percent reac- 
tance of the transformer. 

11-30 During a short-circuit test on a 10 MVA, 


66 kV/7.2 kV transformer (see Fig. 11-40), | 


the following results were obtained: 
Eg= 2640V IRs = 72A Peo= 9.85 kW 
Calculate: 


a. the total resistance and the total leakage 
reactance referred to the 66 kV primary 
side; 

b. the nominal impedance of the transform- 
er referred to the primary side; 

c. the percent impedance of the transformer. 

11-31 In Problem 11-30, if the iron losses at rated 
voltage are 35 kW, calculate the full-load ef- 
ficiency of the transformer if the power fac- 
tor of the load is 85 percent. 

11-32 If the transformer in Problem 11-31 oper- 
ates at a peak flux density of 1.6 T, calculate 
the approximate mass of the core, knowing 
that it is made of No. 29 gauge, type M-7 
laminations (see Fig. 6-16). 

11-33a. The windings of a transformer operate at 

a current density of 3.5 A/mm’. If they 
are made of copper, and operate at a tem- 


perature of 75°C, calculate the copper 
loss per kilogram. 

b. If aluminum windings were used, calcu- 
late the loss per kilogram under the same 
conditions. 

11-34 If a transformer were actually built ac- 
cording to. Fig. 11-54, it would have very 
poor voltage regulation. Explain why and 
propose a method of improving it. 
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Many transformers are specially designed to meet 

various industrial applications. Nevertheless, they 

all possess the basic properties of standard trans- 

formers discussed in Chapter 11. Furthermore, the 

following approximations can usually be made 

when the transformers are under load: © 

1. the voltage induced in a winding is proportional 
to the number of turns, and to the flux in the 
core; 

2. the ampere-turns of the primary are equal and 
opposite to the ampere-turns of the secondary; 

3. the exciting current in the primary winding 
may be neglected; 

4. the apparent power input to the transformer is 
equal to the apparent power output. 


12-1 Dual-voltage distribution transformer 


Transformers which supply electric power to resi- 
dential areas generally have two secondary winding, 
each rated at 120 V. When the two windings are 
connected in series, the voltage between the lines 
is 240 V while that between the lines and the mid- 
dle conductor is 120 V (Fig. 12-1a). The middle 
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conductor, called neutra/, is always connected to 
ground. In special cases, the two secondaries can 
also be connected in parallel by connecting the ter- 
minals of the same polarity together (Fig. 12-1b). 
The resulting output voltage is 120 V, but the 
power rating remains the same. 


(a) 


14.4 kV 





Figure 12-1 Distribution transformer. 
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Figure 12-2 Single-phase pole-mounted distribution 
transformer rated: 
100 kVA, 14.4 kV/240 V/120 V, 60 Hz. 


These so-called distribution transformers are 
often mounted on the poles of the electrical utility 
company (Fig. 12-2). They may supply power to 
1, 2, or sometimes as many as 20 customers. 

The load on distribution transformers varies 
greatly throughout the day, depending on custom- 
er demand. In residential districts, a peak occurs in 
the morning and another in the late afternoon. 
The power peaks never last for more than one or 
two hours, so that during most of the day the 
transtormers operate far below their normal rating. 
Because thousands of such units are connected to 
the public utility system, every effort is made to 
reduce the no-load losses to a minimum. Conse- 
quently, special grain-oriented silicon-steel is used 
in the core to cut down on power losses. 

The nominal rating of distribution transformers 
ranges from 3 kVA to 500 kVA. The reasons for 
using such a dual-voltage 120 V/240 V system are 
covered in Chapter 30. 


12-2 Autotransformer 


Consider a transformer winding composed of N, 
turns, mounted on a iron core (Fig. 12-3). The 
winding is connected to a fixed ac source £, and 
the resulting exciting current J) creates an ac flux 
®,, in the core. As in any transformer, the flux is 


fixed so long as £’; is fixed (Sec. 11-2). 





Figure 12-3 Autotransformer having NV, turns on the pri- 
mary and JV, turns on the secondary. 


A tap C is taken off the winding, so that there 
are V2 turns between terminals A and C. Because 
the induced voltage between these terminals is pro- 
portional to the number of turns, £ is given by: 


FE, se (N2/N1) x Ey (12-1) 


If we connect a load to secondary terminals CA, 
the resulting current J, immediately causes a pri- 
mary current /, to flow (Fig. 12-4). Assuming that 
both the transformer losses and exciting current 
are negligible, the apparent power drawn by the 
load must equal the apparent power supplied by 
the source. Consequently: 


Fil, = Eg, (12-2) 


Referring again to Fig. 12-4, the BC portion of the 
winding obviously carries current J, However, 
according to Kirchhoff’s law, the CA portion car- 
ries a current (/, - J,;). Furthermore, the mmf due 
to J; must be equal and opposite to the mmf pro- 


fe 
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duced by (/, - /,), otherwise the mutual flux ®»_ motors, to regulate the voltage of transmission 
would change. As a result, we have: lines and, in general, to transform voltages when 
1, (N,-No) = Up-1,) No - hy is close to 1. The ratio is rarely greater 

an 5:1. 


which reduces to: 


Example 12-1: 
IN, = 1,N2 (12-3) The autotransformer in Fig. 12-4 has a 66 2/3 per- 


Figure 12-4 


Autotransformer under load. 


Figure 12-5 


Autotransformer of Example 


12-1 





The foregoing equations are identical to those of a cent tap and the supply voltage is 300 V. If a 
standard transformer having a ratio N,/N>2. How- 2.4 kW load is connected across the secondary, cal- 
ever, in this so-called autotransformer, the second- culate: 

ariy winding is actually part of the primary wind- a. the secondary voltage and current; 

ing. In effect, an autotransformer eliminates the b. the currents which flow in the winding; 

need for a separate secondary winding. As a result, c. the relative size of the conductors on the wind- 
autotransformers are always smaller, lighter and ings. 

cheaper than standard transformers of equal power 

output. The difference in size becomes particularly Solution: 

important when the ratio of transformation lies a. E,= 66 2/3% x 300 = 200 V 

betwen 0.5 and 2. On the other hand, the absence I, = 2400/200 = 12A_ (Fig. 12-5) 

of electrical isolation between the high-voltage and b. Current supplied by the source is: 

low-voltage windings is a serious drawback in some I, = 2400/300 = 8A; 

applications. current in winding BC = 8A; 


Autotransformers are used to start induction current in winding CA = 12-8 = 4A. 
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c. The conductors in winding CA can be made 
half the size of those in winding BC because the 
current is half as great (see Fig. 12-5). 


12-3 Conventional transformer connected 
as an autotransformer 


Any two-winding transformer can be changed into 
an autotransformer by connecting the primary and 
secondary windings in series. Depending upon how 
the connection is made, the secondary voltage may 
add or substract from the primary voltage. The 
basic operation and behavior of a transformer is 
obviously unaffected by a mere change in external 
connections. Consequently, the following rules 
apply whenever a standard transformer is con- 
nected as an autotransformer: 

1. The current in any winding should not exceed 
its nominal rating, 

2. The voltage across any winding should not ex- 
ceed its nominal rating, 

3. If nominal current flows in one winding, nomi- 
nal current automatically flows in the other 
winding (because the ampere-turns of the two 
windings must be equal), 

4. If nominal voltage appears across one winding, 
nominal voltage automatically appears across 
the other winding (because the same flux links 
both windings), 

5. If a current J, flows into terminal H,, a current 
f, must flow out of terminal X, and vice versa. 





Figure 12-6 


Standard 600 V/120 V trans- 


former. autotransformer. 


Figure 12-7 


Transformer reconnected as an 


Example 12-2: 

The standard single-phase transformer shown in 
Fig. 12-6 has a rating of 15 kVA, 600 V/120 V, 
60 Hz. We intend to reconnect it as an autotrans- 
former in three different ways to obtain three dif- 
ferent voltage ratios: 


a. 600 V primary to 480 V secondary; 
b. 600 V primary to 720 V secondary; 
c. 120 V primary to 480 V secondary. 


Calculate the maximum load the transformer can 
carry in each case. 


Solution: 
Nominal current of the 600 V winding is: 
I, = 15000/600 = 25A 
Nominal current of the 120 V winding is: 
[, = 15000/120 = 125A 
a.1 To obtain 480 V, the secondary voltage 
(120 V) must subtract from the primary 
voltage (600 V). Consequently, we connect 
terminals having the same polarity together, 
as shown in Fig. 12-7. The corresponding 
schematic diagram is given in Fig. 12-8. 


a.2 Note that the 120 V winding is connected in 
series with the load. Because this winding 
has a nominal current rating of 125A, the 
load can draw a maximum power: 


Sg = 125A x480V = 60kVA 





Figure 12-8 


Schematic diagram of Fig. 12-7. 


The currents flowing in the circuit at full 

load are shown in Fig. 12-8. Note that: 

1. If we assume that the current of 125A 
flows into terminal X,, a current of 25A 
must flow out of terminal H,. All other 
currents are then found by applying 
Kirchhoff’s law. 

2. The power supplied by the source is equal 
to that absorbed by the load: 

S = 100Ax 600 V = 60 kVA. 


b.1 To obtain a ratio of 600 V/720 V, the sec- 
ondary voltage must add to the primary volt- 
age: 600 + 120 = 720 V. Consequently, ter- 
minals of opposite polarity must be con- 
nected together, as shown in Fig. 12-9. 





Figure 12-9 Transformer reconnected to give a ratio of 
600 V/720 V. 


b.2 The secondary winding is again in series with 
the load, and the maximum load current is 
again 125A. The maximum load is there- 
fore: 

Sp= 125Ax720V = 9OkKVA 

The previous examples show that when a 
conventional transformer is connected as an 
autotransformer, it can supply a load far 
greater than the nominal capacity of the 
transformer. However, this depends upon 
the desired voltage ratio, as the next exam- 
ple shows. 


c.1 To obtain a ratio of 120 V to 480 V, we 
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again connect H, and X, (as in solution a. 1), 
but the source is now connected to terminals 
XX. (Fig. 12-10). 





Figure 12-10 Transformer reconnected to give a ratio of 
120 V/480 V. 


c.2 This time, it is the 600 V winding that is in 
series with the load; consequently, the maxi- 
mum load current is 25 A. The corre- 
sponding maximum load is therefore: 

So= 25Ax480V = 12 kVA 
which is /ess than the nominal rating of the 
standard transformer. 

We want to make one final remark concerning 
the three autotransformer connections above. The 
temperature rise of the transformer is the same in 
each case, whether the load is 60 kVA, 90 kVA, or 
12 kVA. The reason is that the losses are the same. 
In effect, the currents in the windings and the flux 
in the core are identical for the three connections. 


12-4 Potential transformers 


Potential transformers are high-precision § trans- 
formers in which the ratio of primary voltage to 
secondary voltage is a known constant, which 
changes very little with load.” Furthermore, the 
secondary voltage is almost exactly in phase with 
the primary voltage, except for a fraction of a de- 
gree. The nominal secondary voltage is usually 
115 V, irrespective of the rated primary voltage. In 
this way standard instruments and relays can be 


* In the case of potential transformers and current trans- 


formers, the “‘load” is called burden. 
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used, and maintenance personnel are protected 
against dangerous voltages. Potential transformers 
(PT’s) serve to measure or monitor the voltage on 
transmission lines and to isolate the metering 
equipment from these lines (Fig. 12-11). 







69 kV line 


distributed \._ e 
capacitance 24 voltmeter 
240 to 150 V 


secondary = 
grounded 


Figure 12-11 Potential transformer installed on a 69 kV 
line. Note the distributed capacitance be- 
tween the windings. 





The construction of these transformers is simi- 
lar to that of conventional transformers. However, 
their nominal rating is usually less than 500 VA, 
so that the volume of insulation is often far greater 
than the volume of copper or steel. For example, 
the 7000 VA, 80.5 kV transformer shown in Fig. 
12-12 has a relatively enormous bushing simply to 
isolate the HV line from the grounded case. The 
latter houses the actual transformer. As to the 
transformer itself, the insulation between the pri- 
mary and secondary windings must be sufficient to 
withstand the full line voltage, as well as the very 
high impulse voltage. 

Potential transformers installed on HV lines 
usually measure the line-to-neutral voltage. This 
eliminates the need for two HV bushings because 
one side of the primary is connected to ground. 

One terminal of the secondary winding is al- 
ways connected to ground to eliminate the danger 
of a fatal shock when touching one of the second- 
ary leads, Although the secondary appears to be 
isolated from the primary, the distributed capac- 
itance between the two windings makes an invisi- 
ble connection which can produce a very high volt- 
age between the secondary winding and ground. 
By grounding one of the secondary terminals, the 
highest voltage between the secondary lines and 
ground is limited to 115 V. 


12-5 Current transformers 


Current transformers are high-precision transform- 
ers in which the ratio of primary to secondary cur- 
rent is a known constant that changes very little 
with the burden. The phase angle between the pri- 
mary and secondary current is very small, usually 
amounting to much less than one degree. The high- 


Figure 12-12 


7000 VA, 80.5 kV, 50/60 Hz potential transformer having an accu- 
racy of 0.3% and a BIL of 650 kV. The primary terminal at the top 
of the bushing is connected to the HV line while the other is con- 
nected to ground. The secondary is composed of two 115 V wind- 
ings each tapped at 66.4 V. Other details: total height: 2565 mm; 
height of porcelain bushing: 1880 mm; oil: 250 L: weight: 740 kg. 
(Ferranti-Packard) 


ly accurate current ratio and the small phase angle 
are achieved by keeping the exciting current small. 

Current transformers are used to measure or 
monitor the current in a line while isolating the 
metering and relay equipment. The primary is con- 
nected in series with the line, as shown in Fig. 
12-13. The nominal secondary current is usually 
5 A, irrespective of the primary current rating. 

Because current transformers (CT’s) are only 
used for measurement and protection, their power 
rating issmall — generally between 15 and 200 VA. 
As in the case of conventional transformers, the 
current ratio is inversely proportional to the num- 
ber of turns on the primary and secondary wind- 
ings. A current transformer having a ratio of 
150 A/5 A has therefore 30 times more turns on 
the secondary than on the primary. 

For safety reasons, current transformers must 





Figure 12-14 500 VA, 100 A/5 A, 60 Hz current trans- 
former, insulated for a 230 kV line and 
having an accuracy of 0.6%. (Westinghouse) 
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69 kV line 






secondary = 
grounded 


Figure 12-13 Current transformer installed on a 69 kV 
line. 


always be used when measuring currents in HV 
transmission lines. The insulation between the pri- 
mary and secondary windings must be sufficient to 
withstand the full line-to-neutral voltage. The 


Figure 12-15 Current transformer in the final process of 
construction. (Ferranti-Packard) 
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maximum voltage the CT can withstand is always 
shown on the nameplate. 

As in the case of potential transformers (and 
for the same reasons) one of the secondary termi- 
nals is always connected to ground. 

Figure 12-14 shows a 500 VA, 1000 A/5 A cur- 
rent transformer designed for a 230 kV line. The 
large bushing serves to lead the line current into 
and out of the primary winding. The CT is housed 
in the grounded steel case at the lower end of the 
bushing. The upper end has two terminals con- 
nected in series with the HV line. The construction 
of a CT is given in Fig. 12-15 and a typical installa- 
tion is shown in Fig. 12-16. 

By way of comparison, the CT shown in Fig. 
12-17 is much smaller, mainly because it is insu- 
lated for only 36 kV 








Figure 12-16 Current transformer in series with one 
phase of a 220 kV, 3-phase line inside 
a substation. 


Example 12-3: 

The current transformer in Fig. 12-17 has a rating 
of 50 VA, 400 A/5A, 36 kV, 60 Hz. It is con- 
nected to an ac line, having a line-to-neutral volt- 
age of 24.9 kV, in a manner similar to that shown 
in Fig. 12-13. The ammeters, relays and connecting 
wires on the secondary side possess a total imped- 
ance (burden) of 1.2 &2. If the transmission line 
current is 280 A, calculate: 

a. the secondary current; 

b. the voltage across the secondary terminals; 

c. the voltage drop across the primary. 


Solution: 
a. 1 The current ratio is: 
I,/T, = 400/5 = 80 
a.2 The turns ratio is: 
N,/N2 = 1/80 
a. 3 The secondary current is: 
I, = 280/80 = 3.5A 
b. 1 The voltage across the burden is: 
Ffy= 3.5x1.2 = 4.2V 





Figure 12-17 Epoxy-encapsulated current transformer 
rated 50 VA, 400 A/5 A, 60 Hz and insu- 
lated for 36kV. (Montel/Sprecher & 
Schuh) 


b.2 The secondary voltage is therefore 4.2 V. 
oF The primary voltage is: 
FE,= 4.2/80 = 0.0525 = 52.5 mV 
This is a negligible drop, compared to the 
24.9 kV line voltage. 


12-6 Opening the secondary of a CT is dangerous 


Every precaution must be taken to never open the 
secondary circuit of a CT while current is flowing 
in the primary circuit. If the secondary is acciden- 
tally opened, the primary current /; continues to 
flow unchanged because it depends only on the 
electrical load. The line current thus becomes the 
exciting current of the transformer because there 
is no further bucking effect due to the secondary 
ampere-turns. Because the line current may be 100 
to 200 times greater than the normal exciting cur- 
rent, the flux in the core reaches peaks much 
higher than normal. The flux is so large that the 
core is totally saturated for the greater part of ev- 
ery half cycle. Referring to Fig. 12-18, as the pri- 


+3000 V 






<—— secondary voltage 


-3000 V 


Figure 12-18 Primary current, flux and secondary volt- 
age when a CT is open-circuited. 


mary current J, rises and falls, flux ® in the core 
rises and falls, but it remains at a fixed, saturation 
level ®, for most of the time. During these satu- 
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rated intervals, the induced voltage is quite low be- 
cause the flux changes very little. However, during 
the unsaturated intervals, the flux changes at an 
extremely high rate, inducing voltage peaks of sev- 
eral thousand volts across the open-circuited sec- 
ondary. This is a dangerous situation because an 
unsuspecting operator could easily receive a fatal 
shock. Furthermore, the high voltage would most 
certainly damage instruments connected to the 
secondary side. 

In view of the above, if we have to remove a 
meter in the secondary circuit of a CT, we must 
first short-circuit the secondary winding and then 
remove the meter. Short-circuiting a current trans- 
former does no harm because the primary current 
remains unchanged and the secondary current de- 
pends exclusively upon the turns ratio. The short- 
circuit across the winding may be removed after 
the secondary circuit is again closed. 


12-7 Toroidal current transformers 


When the line current exceeds 100A, we can 


sometimes use a toroidal current transformer. It 


consists of a laminated toroidal (ring-shaped) core 
which carries the secondary winding. The primary 
is composed of a single conductor that simply 


200 turns 
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bus 
(1 turn) 






Figure 12-19 Toroidal transformer having a ratio of 
1000 A/5 A, connected to measure the 
current in a line. 


passes through the center of the ring (Fig. 12-19). 
The position of the primary conductor is unimpor- 
tant as long as it is more or less centered. If the 
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secondary possesses /V turns, the ratio of transfor- 
mation is VV. Thus, a toroidal CT having a ratio of 
1000 A/5 A has 200 turns on the secondary 
winding. 

Toroidal CT’s are simple and inexpensive and 
are widely used in LV and MV indoor installations. 
They are also incorporated in circuit-breaker 
bushings to monitor the line current (Fig. 12-20). 
If the current exceeds a predetermined limit, the 
CT causes the circuit-breaker to trip. 


HV terminal 






porcelain 
bushing 


current 
transformer 





internal 
terminal 


Figure 12-20 Toroidal transformer surrounding a con- 
ductor. 


Example 12-4: 

A potential transformer rated 14 400 V to 115 V 
and a current transformer of 75/5 A are used to 
measure the voltage and current in a transmission 
line. If the voltmeter indicates 111 V and the 
ammeter reads 3 A, what is the voltage and current 
in the line? 


Solution: 
Voltage on the line is: 

& = 111x (14 400/115) = 13900 V 
Current in the line is: 

I = 3x (75/5) = 45A 


12-8 Variable autotransformer 


A variable autotransformer is often used when we 
wish to obtain a variable ac voltage from a fixed ac 
source. It is composed of a single-layer winding on 
a toroidal iron core. A movable carbon brush in 


contact with the winding serves as a variable tap. 
The brush can be set in any position between zero 
and 330°. Manual or motorized control may be 
used (Figs. 12-21 and 12-23). 





Figure 12-21 Cutaway view of a manually operated 
0-140 V, 15 A variable autotransformer 
showing (1) the laminated toroidal core; 
(2) the single-layer winding; (3) the mov- 
able brush. (American Superior Electric) 


90% tap 





Figure 12-22 Schematic diagram of a variable autotrans- 
former having a fixed 90% tap. 


As the brush slides over the bared portion of 
the windings, the secondary voltage F’, increases in 
proportion to the number of turns swept out (Fig. 
12-22). The input voltage £, is usually connected 
to a fixed 90 percent tap on the winding. This en- 
ables us to vary £2 from zero to 110 percent of the 
input voltage. 

Variable autotransformers are far more efficient 
than rheostats are, and they give much better volt- 





Figure 12-23 Variable autotransformer rated at 200 A, 
0-240 V, 50/60 Hz. It is composed of eight 
50 A, 120V units, connected in series- 
parallel. This motorized unit can vary the 
output voltage from zero to 240 V in 5s. 
Dimensions: 400 mm x 1500 mm. (Amer- 
ican Superior Electric) 


age regulation under variable loads, The secondary 
line should always be protected by a fuse or circuit- 
breaker so that the output current J, never exceeds 
the normal current rating of the autotransformer. 


12-9 High-impedance transformers 
The transformers we have studied so far are all 


designed to have a relatively low leakage reactance 
ranging perhaps between 0.03 and 0.1 p.u. (Sec. 
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11-19). However, some industrial and commercial 
applications require much higher reactances, some- 
times reaching values as high as 0.9 p.u. Such high- 
impedance transformers are used in the following 
typical applications: 


arc welders 
electric arc furnaces 
reactive power regulators 


electric toys 
fluorescent lamps 
neon signs 
oil-burners 


Let us briefly examine these interesting applica- 
tions. 

1. A toy transformer is often accidentally short- 
circuited, but, being used by children, it is nei- 
ther practical nor safe to protect it with a fuse. 
Consequently, we design the transformer so 
that its leakage reactance is so high that even a 
permanent short-circuit will not cause over- 
heating. 

The same remarks apply to some low-voltage 
bell transformers that distribute signalling pow- 
er throughout a home. Again, if a short-circuit 
occurs on the secondary side, the current is au- 
tomatically limited so as not to burn out the 
transformer or damage the fragile annunciator 
wiring. 


2. Electric arcs and discharges in gases possess a 
negative E/J characteristic, meaning that the 
current increases as the voltage falls. To main- 
tain a steady arc, or a uniform discharge, we 
must add an impedance in series with the load. 
The series impedance may be either a resistor or 
reactor, but we usually prefer the latter because 
it consumes no active power. 

However, if a transformer is needed to supply 
the load, it is usually more economical to incor- 
porate the reactance in the transformer itself, 
by designing it to have a high leakage reactance. 
A typical example is the neon-sign transformer 
shown in Fig. 12-24. 

The primary winding P is connected to a 
240 V ac source, and two secondary windings S 
are connected in series across the long neon 
tube. Owing to the large leakage fluxes ®, and 
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Figure 12-24 


a. Schematic diagram of a neon-sign transformer. 
b. Construction of the transformer. 
c. Typical £-J characteristic of the transformer. 


®p, the secondary voltage falls rapidly with in- 
creasing current, as seen in Fig. 12-24c. The 
high open-circuit voltage (20 kV) initiates the 
discharge, but the normal secondary current is 
automatically limited to 15 mA. The corre- 
sponding voltage across the neon tube falls to 
15 kV. The power of these transformers ranges 
from 50 VA to 1500 VA. The secondary volt- 
ages vary from 2 kV to 20 kV, depending main- 


ly upon the length of the tube. Referring to 
Fig. 12-24a, we note that the center of the sec- 
ondary winding is grounded. This ensures that 
the secondary line-to-ground voltage is only 
one-half the voltage across the neon tube. 
Fluorescent lamp transformers (called bal- 
lasts) have properties similar to neon-sign trans- 
formers. Capacitors are usually added to im- 
prove the power factor of the total circuit. 
Oil-burner transformers possess essentially 
the same characteristics as neon-sign transform- 
ers do. A secondary open-circuit voltage of 
about 10 kV creates an arc between two closely 
spaced electrodes situated immediately above 
the oil jet. The arc continuously ignites the va- 
porized oil while the burner is in operation. 


. Some electric furnaces generate heat by main- 


taining an intense arc between carbon elec- 
trodes. A relatively low secondary voltage is 
needed and the large secondary current is lim- 
ited by the leakage reactance of the transform- 
er. Such transformers have ratings between 
100 kVA and 50 MVA. In very big furnaces, 
the reactance associated with the secondary cir- 
Cuit is usually sufficient to provide the neces- 
sary limiting impedance. 


. Arc-welding transformers are also designed to 


have a high internal impedance so as to stabilize 
the arc during the welding process. The open- 
circuit voltage is about 70 V, which facilitates 
striking the arc when the electrode touches the 
work. However, as soon as the arc is established, 
the secondary voltage falls to about 15 V, de- 
pending on the length of the arc and the 
welding current. 


. As a final example of high-impedance trans- 


formers, we mention the enormous 3-phase 
units that absorb reactive power from a 3-phase 
transmission line. These transformers are inten- 
tionally designed to produce leakage flux and, 
consequently, the primary and_ secondary 
windings are very loosely coupled. The three 


primary windings are connected to the HV line 
(typically between 230 kV and 765 kV) while 
the three secondary windings (typically 6 kV) 
are connected to an electronic controller (Fig. 
12-25). The controller permits more or less sec- 
ondary current to flow, causing the leakage flux 
to vary accordingly. A change in the leakage 
flux produces a corresponding change in the 
reactive power absorbed by the transformer. 
The utility of such a static var compensator is 
explained in Chapter 29. 


3-phase primary input 230 kV 





O,: 
primary a 
leakage flux 


tertiary winding 


secondary 


leakage flux. 
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'. . . . 
tenet yet ey Bet 
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Figure 12-25 Three-phase static var compensator having 
high leakage reactance. 


12-10 Induction heating transformers 


The transformer principle is applied in some high- 
power induction furnaces to produce high-quality 
steel and other alloys. The induction principle can 
be understood by referring to Fig. 12-26. A rela- 
tively high-frequency 2000 Hz current is made to 
flow through a winding composed of a single- 
conductor ultra-flexible cable. The cable is 
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wrapped around a steel ring, which acts like a 
short-circuited single-turn secondary. The ac cur- 
rent in the primary produces an enormous current 
in the secondary (the ring) causing it to heat up. 
As explained in the caption, the heat causes the 
ring to expand, enabling it to be slipped over the 
turbine windings. 





Figure 12-26 


Special application of the transformer effect. This picture 
shows one stage in the construction of a turboalternator. 
It consists of expanding the diameter of a 5 t coil-retaining 
ring. A coil of asbestos-insulated wire is wound around 
the ring and connected to a 35 kW, 2000 Hz source (left 
foreground). The primary creates a 2000 Hz magnetic 
field, which induces large eddy currents in the ring, 
bringing its temperature up to 280°C in about 3h. The 
resulting expansion enables the ring to be slipped over the 
coil-ends, where it cools and contracts. This method of 
induction heating is clean and produces a very uniform 
temperature rise of the large mass. (Brown Boveri) 
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Coreless induction furnaces operate the same 
way, but power is applied until the iron actually 
melts. In Fig. 12-27, for example, a primary coil 
surrounds a crucible filled with molten iron. The 
iron acts like a single secondary turn, short- 
circuited upon itself. Consequently, it carries a 
very large secondary current. This current provides 
the energy that keeps the iron in a liquid state, 
melting other scrap metal as it is added to the 
pool. 


primary 


mo!ten iron 


a.C. 
source 





eddy currents 


crucible 
induction furnace 


Figure 12-27 Coreless induction furnace. 


Such induction furnaces have ratings between 
15 kVA and 40 000 kVA. They operate at a fre- 
quency of 60 Hz when the power exceeds about 
3000 kVA. The power factor is very low (typically 
20 percent) because a large magnetizing current is 
required to drive the flux through the molten iron 
and through the air. In this regard, we must re- 
member that molten iron has a permeability of 
one because its temperature is far above the Curie 
point. Capacitors are installed close to the coil to 
supply the reactive power it absorbs. 

In another type of furnace, known as a channel 
furnace, a transformer having a laminated iron 
core is made to link with a molten channel of iron, 
as shown in Fig. 12-28. The primary coil is excited 
by a 60 Hz source, and the secondary current J, 
flows in the channel and through the molten iron 
in the crucible. In effect, the channel is equivalent 
to a single turn shorted upon itself. 

The magnetizing current is low because the flux 
is confined to a highly permeable iron core. On the 
other hand, the leakage flux is large because the 
secondary turn is separated from the primary coil 





molten steel 





crucible 


channel 





iron core 


primary coil 


Figure 12-28 Channel induction furnace and its water- 
cooled transformer. 


by a thick layer of ceramic material. Nevertheless, 
the power factor is higher than that in Fig. 12-27, 
being typically between 60 and 80 percent. As a 
result, a smaller capacitor bank is required to fur- 
nish the reactive power. 

Owing to the very high ambient temperature, 
the windings of induction furnace transformers are 
always composed of hollow, water-cooled copper 
conductors. Induction furnaces are used to melt 
aluminum, copper, and other metals, as well as 
Iron. 


QUESTIONS AND PROBLEMS 
Practical level 


12-1 What is the difference between an autotrans- 
former and a conventional transformer? 

12-2 What is the purpose of a potential transform- 
er? Of a current transformer? 

12-3 Why must we never open the secondary of a 
current transformer? 


12-4 


Explain why the secondary winding of a CT 
or PT must be grounded. 


12-5 A toroidal current transformer has a ratio of 


1500 A/5 A. How many turns does it have? 


12-6 A current transformer has a rating of 10 VA, 


50 A/5 A, 60 Hz, 2,4 kV. Calculate the nom- 
inal voltage drop across the primary winding. 


Intermediate level 


12-7 


12-8 


12-9 


A single-phase transformer has a rating of 
100 kVA, 7200 V/600 V, 60 Hz. If it is re- 
connected as an autotransformer having a 
ratio of 7800 V/7200 V, calculate the load 
it can carry. 

In Problem 12-7, how should the transform- 
er terminals (H,, Hs, X14, X2) be connected? 
The transformer in Problem 12-7 is recon- 
nected again as an autotransformer having a 
ratio of 6.6 kV/600 V. What load can it 
carry and how should the connections be 
made? 
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Advanced level 


12-10 A current transformer has a rating of 


100 VA, 2000 A/5 A, 60 Hz, 138 kV. It has 
a primary to secondary capacitance of 
250 pF. If it is installed on'a transmission 
line where the line-to-neutral voltage is 
138 kV, calculate the capacitive leakage cur- 
rent that flows to ground. 


12-11 The toroidal current transformer of Fig. 


12-19 has a ratio of 1000 A/5A. The line 

conductor carries a current of 600 A. 

a. Calculate the voltage across the secondary 
winding if the ammeter has an impedance 
of 0.15 Q. , 

b. Calculate the voltage drop the transform- 
er produces on the line conductor. 

c. If the primary conductor is looped four 
times through the toroidal opening, calcu- 
late the new current ratio. 





THREE-PHASE 
TRANSFORMERS 


To raise or lower the voltage of 3-phase transmis- 
sion lines, we use transformers, as we do for single- 
phase lines. The transformers may have three pri- 
mary and three secondary windings mounted on a 
single multilegged core. Alternatively, they may be 
ordinary single-phase transformers connected to- 
gether to form a 3-phase transformer bank. 


13-1 Basic properties 
of 3-phase transformer banks 


When three single-phase transformers are used to 
transform a 3-phase voltage, the windings can be 
connected in several different ways. Thus, the pri- 
maries may be connected in delta and the second- 
aries in wye, or vice versa. As a result, the ratio of 
the 3-phase input voltage to the 3-phase output 
voltage depends not only upon the turns ratio of 
the transformers, but also upon how they are con- 
nected. 

The combination of three single-phase trans- 
formers can also produce a phase-shift between the 
3-phase input voltage and the 3-phase output volt- 
age. The amount of phase-shift depends again 
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upon the turns ratio of the transformers, and on 
how the primaries and secondaries are intercon- 
nected. In a single-phase system, the phase shift 
between primary and secondary is either zero or 
180°. 

The phase-shift feature also enables us to 
change the number of phases. Thus a 3-phase sys- 
tem can be converted into either a 2-phase, a 6- 
phase, or a 12-phase system. Indeed, if there were 
a practical application for it, we could even con- 
vert a 3-phase system into a 5-phase system by an 
appropriate choice of single-phase transformers 
and interconnections. 

In making the various connections, it is impor- 
tant to observe transformer polarities. An error in 
polarity may produce a short-circuit or unbalance 
the line voltages and currents. 

In analyzing the behavior of balanced 3-phase 
transformer banks, we can make the following 
assumptions: 

1. the exciting currents are negligible; 

2. the transformer impedances are negligible; 

3. the total apparent input power is equal to the 
total apparent output power; 


4. single-phase transformers connected into a 3- 
phase system retain all their basic properties, as 
to current ratio, voltage ratio, flux in the core, 
and so on. 


13-2 Delta-delta connection 


The three single-phase transformers P, O, and R of 
Fig. 13-1 are connected in de/ta-de/ta. Terminal 
H, of each transformer is connected to terminal 
H», of the next transformer. Similarly, terminals 
X;, and X, of successive transformers are con- 
nected together. The actual physical layout of the 


load 





Figure 13-1 Delta-delta connection of three single-phase 


transformers. 
Epp Ey, 
Eca ES 
Egc E43 
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transformers is shown in Fig. 13-1 and the corre- 
sponding schematic diagram is given in Fig. 13-2. 

The schematic diagram is drawn in such a way 
to show not only the connections, but also the 
phasor relationship between the primary and sec- 
ondary voltages. Thus, each secondary winding is 
drawn parallel to the corresponding primary wind- 
ing with which it is coupled. Furthermore, if 
source G produces voltages Fag, Epc, Eca ac- 
cording to the indicated phasor diagram, the pri- 
mary windings are oriented the same way, phase 
by phase. 

Because the primary and secondary voltages of 
a given transformer must be in phase, it follows 
that E',, (secondary voltage of transformer P) must 
be in phase with Aap (primary of the same trans- 
former). Similarly, £43 is in phase with Epc, and 
£3, with Ee. In such a delta-delta connection, the 
voltages between the incoming and outgoing trans- 
mission lines are in phase. 

If we connect a balanced load to lines 1-2-3 the 
resulting secondary currents are equal in magni- 
tude, as are the primary line currents. As in any 
delta connection, the primary and secondary line 
Currents are J/3 times greater than the respective 
currents /, and /, flowing in the primary and sec- 
ondary windings (Fig. 13-2). The rating of the so- 
called transformer bank is 3 times the rating of a 
single transformer. 

Note that although the transformer bank cons- 
titutes a 3-phase arrangement, each transformer, 
considered alone, acts exactly as if it were placed 





Figure 13-2 Schematic diagram of a delta-delta connection and associated phasor diagram. 
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in a single-phase circuit. Thus, a current /, flowing 
into a primary polarity mark H, is associated with 
a current /, flowing out of a secondary polarity 
mark Xj. 


Example 13-1: 

Three single-phase transformers are connected in 
delta-delta to step down a line voltage of 138 kV 
to supply power to a plant operating at 4160 V. 
The load draws 21 MW at a lagging power factor of 
86 percent. Calculate: | 

a. the apparent power drawn by the load; 

. the apparent power furnished by the HV line; 

. the current in the HV lines; 

. the current in the LV lines; 

the currents in the primary and secondary 
windings of each transformer; 

f. the load carried by each transformer. 


7QA0 fF 


Solution: 
a. The apparent power drawn by the load is: 
S = P/cos@ = 21/0.86 Eq. 9-11 
= 244MVA 
b. Because the transformer bank itself requires a 
negligible amount of active and reactive power 
(the J?R losses and the reactive power associ- 
ated with the mutual flux and leakage flux are 
small) it follows that the apparent power fur- 
nished by the HV line is also 24.4 MVA. 
c. The current in each HV line is: 
I, = S/(/3E) 
(24.4 x 10°)/(,/3 x 138 000) 
102 A. 


Eq. 9-9 


d. The current in the LV lines is in inverse propor- 
tion to the line voltages: 
I, = (1,E)/E, = (102 x 138 000)/4160 
3384 A 
e. Referring to Fig. 13-2, we have: 
Ip = 1024/3 = 58.9A 
I, = 3384A/3 = 1954A 
f. Because the plant load is balanced, each trans- 
former carries one third of the total load, or 
24.4/3 = 8.13 MVA. 
The transformer load is also given by the 


product of the primary voltage times primary 
current: 
S = Eplp = 138 000 x 58.9 
= 8.13 MVA 


Note that we can determine all the line currents 
and transformer currents even though we do not 
know how the actual 3-phase load is itself con- 
nected. In effect, the factory load (shown as a box 
in Fig. 13-2) is composed of hundreds of individual 
loads, some of which are connected in delta, 
others in wye. Furthermore, some are single-phase 
loads or 3-phase loads operating at much lower 
voltages than 4160 V, powered by smaller trans- 
formers located inside the plant. The sum total of 
these loads usually results in a reasonable well- 
balanced 3-phase load, represented by the box. 
Fortunately, we don’t have to know how all these 
loads are connected, as far as the transformer bank 
is concerned. 


13-3 Delta-wye connection 


The primary windings of the three transformers of 
Fig. 13-3 are connected the same way as in Fig. 
13-1. However, the secondary windings are con- 
nected so that all the X, terminals are joined to- 
gether, creating a common neutral N. In such a 
delta-wye connection, the primary voltage across 
each transformer is equal to the incoming line volt- 
age. However, the outgoing line voltage is J3 
times the secondary voltage across each transform- 


load 





ee enters Meena! 
erence ee eee 


Figure 13-3 Delta-wye connection of three single-phase 
transformers. 


er. The relative values of the corresponding cur-. 


rents in the transformer windings and transmission 
lines are given in Fig. 13-4. Thus, the line currents 
in phases A, B, and C are 1.73 times the currents 
in the primary windings. 

A delta-wye connection produces a 30° phase 
shift between the voltages of the incoming and 
Outgoing transmission lines. Thus, outgoing line 
voltage Ej. is 30° ahead of incoming line voltage 
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ments of the transformer. In effect, the HV wind- 
ing has only to be insulated for 1//3 or 58 per- 
cent of the line voltage. Another advantage is that 
it can accommodate loads operating at two differ- 
ent voltage levels (see Chapter 30). 


Example 13-2: 
Three single-phase transformers rated 40 MVA, 
13.2 kV/80 kV are connected in delta-wye on a 





secondaryof O 


23 


Figure 13-4 Schematic diagram of a delta-wye connection and associated phasor diagram. 


Eap, as can be seen from the phasor diagram. If 
the outgoing line feeds its own group of loads, the 
difference in phase creates no problem. However, 
if the outgoing line has to be connected in parallel 
with a line coming from another source, the 30° 
shift may make such a parallel connection impos- 
sible, even if the line voltages are identical. 

One of the important advantages of the wye 
connection is that it reduces the insulation require- 


13.2 kV transmission line. If they feed a 90 MVA 

load, calculate: 

a. the secondary line voltage; 

b. the currents in the transformer windings; 

c. the incoming and outgoing transmission line 
currents. 


Solution: 
The easiest way to solve this problem is to consid- 
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er only one phase at a time (Fig. 13-5). 

a.1 The voltage across each primary winding is 
obviously 13.2 kV. 

a.2 The secondary voltage across each winding is 
therefore 80 kV. 

a.3 Secondary voltage between outgoing lines 1, 
2, and 3 is: 

E,= 80/3 = 138kV 


A 3932 A 


13.2 kV 





13-5 Wye-wye connection 


The wye-wye connection is only used when the 
neutral of the primary can be solidly connected to 
the neutral of the source, usually by way of the 
ground (Fig. 13-6). When the neutrals are not 
joined, the line-to-neutral voltages become dis- 
torted (non sinusoidal). A wye-wye connection 





Figure 13-5 See Example 13-2. 


b. Load carried by each transformer = 90/3 
= 30MVA 
Current in each primary winding: 
Ip = 30MVA/13.2 kV = 2272A 
Current in each secondary winding: 
I; = 30MVA/80 kV = 375A 
c.1 Current in each incoming line A, B, C 
= 2272./3 = 3935A 
c.2 Current in each outgoing line 1, 2, 3 
= 375A 


13-4 Wye-delta connection 


The currents and voltages in a wye-delta connec- 
tion are identical to those in the delta-wye connec- 
tion of Sec. 13-3. The primary and secondary con- 
nections are simply interchanged. In other words, 
the H, terminals are connected together to create a 
neutral, and the X, — X, terminals are connected 
in delta. Again, there results a 30° phase shift be- 
tween the voltages of the incoming and outgoing 
lines. 


can be used without joining the neutrals, provided 
that each transformer carries a third winding, 
called tertiary winding. The tertiary windings of 
the 3 transformers are always connected in delta 
(Fig. 13-7). They often provide the substation ser- 
vice voltage where the transformers are installed. 

Note that there is no phase shift between the 
incoming and. outgoing transmission line voltages 
of a wye-wye connected transformer. 


13-6 Open-delta connection 


We can transform the voltage of a 3-phase system 
by using only 2 transformers, connected in open- 
delta. The open-delta connection is identical to a 
delta-delta connection, except that one transform- 
er is removed (Fig. 13-8). In effect, one of the ad- 
vantages of a delta-delta connection is that two 
transformers can continue to feed the load should 
one of them become defective. 

In medium and high-power installations, the 
open-delta connection is always temporary, be- 
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source | 





Figure 13-6 Wye-wye connection with neutrals connected. 


source 


(a) 


23 


Figure 13-8 a. Open delta connection. b. Associated schematic and phasor diagram. 
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cause the load capacity of the transformer bank is 
only 86.6 percent of the installed transformer ca- 
pacity. 


Example 13-3: 

Two single-phase 150 kVA, 7200 V/600 V trans- 
formers are connected in open-delta. Calculate the 
maximum load they can carry. 


Solution: 
Although each transformer has a rating of 
150 kVA, the two together cannot carry a load of 
300 kVA. The following calculations show why: 
nominal secondary current of each transformer 
is: 
I; = 150kVA/600 V = 250A 
The current J, in lines 1, 2, 3 cannot, therefore, 
exceed 250A (Fig. 13-8). Consequently, the 
maximum load is: 


S = 1.73 41 Eq. 9-9 
= 1.73 x 600 x 250 = 259500 VA 
= 260 kVA 
maximum load _ 260 kVA 


installed transformer rating ~ 300 kVA 


= 0.866 or 86.6 percent 
13-7 Three-phase transformers 


A transformer bank composed of three single- 
phase transformers may be replaced by one 3-phase 
transformer (Fig. 13-9). The magnetic core of such 
a transformer has 3 distinct legs which carry the 
Primary and secondary windings of each phase. 
The windings are connected internally, either in 
wye or in delta, with the result that only six termi- 
nals have to be brought outside the tank. For a 
given capacity, a 3-phase transformer is always 
smaller and cheaper than three single-phase trans- 
formers having the same capacity. Nevertheless, 
single-phase transformers are sometimes preferred, 
particularly when a replacement unit is essential. 
For example, suppose a manufacturing plant ab- 
sorobs 5000 kVA. To guarantee continued service, 
we install one 3-phase 5000 kVA transformer and 





Figure 13-9 


Three-phase transformer for an electric arc furnace, rated 
36 MVA, 13.8 kV/160 V to 320 V, 60 Hz. The secondary 
voltage is adjustable from 160 V to 320 V by means of 32 
taps on the primary winding (not shown). The three large 
bus bars in the foreground deliver a current of 65 000 A. 
Other characteristics: impedance: 3.14%: diameter of 
each leg of the core: 711 mm; overall height of core: 
3500 mm; center line distance between adjacent core legs: 
1220 mm. (Ferranti-Packard) 


keep a second one as a spare. Alternatively, we can 
install three single-phase transformers each rated 
1667 kVA, plus one spare. The 3-phase transform- 
er option is more expensive (total capacity 
10 000 kVA) than the single-phase option (total 
capacity 6667 kVA). 

Figure 13-10 shows the different stages of con- 
struction of a 3-phase 110 MVA, 222.5 kV/34.5 kV 
tap-changing transformer.” In addition to the 
three main legs, the magnetic core has two addi- 


* 








A tap-changing transformer regulates the secondary 
voltage by automatically changing from one tap to an- 
other on the primary winding. The tap-changer is a 
motorized device under the control of a sensor that 
continually monitors the voltage that has to be held 
constant. 
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Figure 13-10 a. 


Core of a 110 MVA, 222.5 kV/34.5 kV, 
60 Hz 3-phase transformer. By staggering 
laminations of different widths, the core 
legs can be made almost circular. This re- 
duces the coil diameter to a minimum, 
resulting in less copper and also lower [?R 
losses. The legs are tightly bound to reduce 
vibration. Mass of the core: 53 560 kg. 
(ASEA) 


Figure 13-10 b. 


Same transformer with coils in place. The 
primary windings are connected in wye, and 
the secondaries in delta. Each primary has 8 
taps to change the voltage in steps of + 2.5%. 
The motorized tap-changer can be seen in 
the right upper corner of the transformer. 
Mass of copper: 15 230 kg. (ASEA) 


tional lateral legs. They enable the designer to re- 
duce the overall height of the transformer, which 
simplifies. the problem of shipping. In effect, 
whenever large equipment has to be shipped, the 
designer is faced with the problem of overhead 
clearances on highways, rail lines, and so forth. 
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The 34.5 kV windings (connected in delta) are 
mounted next to the core. The HV windings (con- 
nected in wye) are mounted on top of the 34.5 kV 
windings. A space of several centimeters separates 
the two windings to ensure good isolation and to 
allow cool oil to flow freely between them. The 
HV bushings that protrude from the oil-filled tank 
are connected to a 220 kV line. The medium volt- 
age (MV) bushings are much smaller, and cannot 
be seen in the photograph. 


13-8 Step-up and step-down autotransformer 


We can raise or lower the voltage of a 3-phase line 
by using a 3-phase wye-connected autotransformer. 
The neutral is usually connected to the system 
neutral, otherwise a tertiary winding must be 
added to prevent the voltage distorsion mentioned 
Previously. The actual physical connections are 
shown in Fig. 13-11a, and the corresponding sche- 
matic diagram is given in Fig. 13-11b. It is obvious 
that the incoming and outgoing transmission line 
voltages are in phase. 

For a given power output, an autotransformer 
is smaller and cheaper than a conventional trans- 


Figure 13-10 c. 


Same transformer ready for shipping. It has 
been subjected to a 1050 kV impulse test on 
the HV side and a similar 250 kV test on the 
LV side. Other details: power rating: 
110 MVA/146.7 MVA (OA/FA); total mass 
including oil: 158.7 t; overall height: 9m; 
width: 8.2 m; length: 9.2 m. (ASEA) 


former (see Sec. 12-2). This is particularly true if 
the ratio of the incoming line voltage to outgoing 
line voltage lies between 0.5 and 2. 

Figure 13-11c shows a large single-phase auto- 
transformer rated 404 kV/173 kV with a tertiary 
winding rated 11.9 kV. It is part of a 3-phase bank 
used to connect a 700 kV transmission line to an 
existing 300 kV system. 


Example 13-4: 

The voltage of a 3-phase, 230 kV line has to be 
stepped up to 345kV to supply a load of 
200 MVA. Three single-phase transformers con- 
nected as autotransformers are to be used. Calcu- 
late the basic power and voltage rating of each 
transformer, assuming they are interconnected as 
shown in Fig. 13-11b. 


Solution: 
To simplify the calculations, let us consider only 
one phase (phase A, say). 
Line-to-neutral voltage between X, and H,: 
Fin = 345/A/3 = 200 kV 
Line-to-neutral voltage between H, and H.: 
Ean = 2304/3 = 133 kV 


Voltage of winding X;X2: 
Eypx = 200-133 = 67 kV 
Current in each phase of the outgoing line: 
I, = S/1.73E 
= (200 x 10°)/(1.73 x 345 000) 
= 335A 
Power associated with winding X,X2: 
S, = 67000 x 335 = 22.4MVA 


Eq. 9-9 


. Winding H,H, must obviously have the same pow- 





Ea Ey, 
Eca Es, 
Epc E43 
(a) 
Figure 13-11 a. Wye-connected autotransformer. 


er rating. The basic rating of each single-phase 
transformer is therefore 22.4 MVA. 

The basic rating of the 3-phase transformer 
bank = 22.4x3 = 67.2 MVA. 

The basic transformer rating (as far as size is 
concerned) is considerably less than its actual load 
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capacity (67.2 MVA versus 200 MVA). This is in 
keeping with the fact that the ratio of transforma- 
tion (345/230 = 1.5) lies between 0.5 and 2.0. 


13-9 Phase-shift principle 


A 3-phase system enables us to phase-shift voltages 
and currents very simply. Phase-shifting enables us 
to create 2-phase, 6-phase and 12-phase systems 
from an ordinary 3-phase line. Such multi-phase 


tertiary winding 


(b) 


b. Associated schematic diagram. 


systems are used in large electronic converter sta- 
tions and in special electrical controls. Phase- 
shifting is also used to control power flow over 
transmission lines. 

To understand the phase-shifting principle, con- 
sider a potentiometer connected between phases B 
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Figure 13-11 c. 


Single-phase autotransformer (one of a group of three) connecting a 700 kV, 3-phase, 60 Hz 
transmission line to an existing 300 kV system. The transformer ratio is 404 kV/173 kV, to 
give an output of 200/267/333 MVA per transformer, at a temperature rise of 55°C. 
Cooling is OA/FA/FOA. A tertiary winding rated 35 MVA, 11.9 kV maintains balanced and 
distorsion-free line-to-neutral voltages, while providing power for the substation. Other 
properties of this transformer: weight of core and windings: 132 t; tank and accessories: 
46 t; oil: 87 t; total weight: 265 t. BIL rating is 1950 kV and 1050 kV on the HV and LV 
side, respectively. Note the single 700 kV and 300 kV bushings protruding from the tank. 


(Hydro-Québec) 
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Figure 13-12 Voltage E' ap can be phase-shifted with re- 
spect to E'ac by means of a potentiometer. 


and C of a 3-phase line (Fig. 13-12). As we slide 
contact P from phase B towards phase C, voltage 
E ap changes both in amplitude and phase. We ob- 
tain a 60° phase-shift in moving from one end of 
the potentiometer to the other. Thus, as we move 
from B to C, voltage E,p gradually advances in 
phase with respect to E,ag. The magnitude of Lap 
changes slightly, from E£ (voltage between the 
lines) to 0.866 & when the contact is in the middle 
of the potentiometer. 

Such a simple phase-shifter can only be used in 
circuits where the power output between terminals 
A and P is in the milliwatt range. If we apply a 
heavier load, the IR drop in the potentiometer 
completely changes the voltage and phase-shift 
from what is was on open-circuit. 

To get around this problem, we connect a multi- 
tap autotransformer between phases B and C (Fig. 
13-13). By moving contact P, we obtain the same 
open-circuit voltages and phase-shifts as before, 
but they remain essentially unchanged when a load 
is connected between A and P. Why is this so? The 
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reason is that the flux in the autotransformer is 
fixed because gc is fixed. As a result, the voltage 
across each turn remains fixed (both in magnitude 
and phase) whether the autotransformer delivers a 
Current or not. 

Figure 13-14 shows 3 tapped autotransformers 
connected between phases A, B and C. Contacts 
P,, Pz, P3 move in tandem as we switch from one 
set of taps to the next. This arrangement enables 
us to create a 3-phase source P,, P,, P3 whose 
phase angle changes step-wise with respect to 
source ABC. We can produce a maximum phase- 
shift of 60° as we move from one end of the auto- 
transformers to the other. We now discuss some 
practical applications of the phase-shift principle. 


line A 


output 


voltage ae 


123 4 5 6 7 


line B line C 


Figure 13-13 Autotransformer used as a phase-shifter. 





Figure 13-14 Three-phase phase shifter. 
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13-10 Three-phase to 2-phase transformation 


The voltages in a 2-phase system are equal, but dis- 
placed from each other by 90°. There are several 
ways we can create a 2-phase system from a 3- 
phase source. One of the simplest and cheapest is 
to use a single-phase autotransformer having taps 
at 50 percent and 86.6 percent. We connect it be- 
tween any two phases of a 3-phase line, as shown 
in Fig. 13-15. If the voltage between phases A, B, 
C is 100 V, voltages E'yy and Enc are both equal 
to 86.6 V. Furthermore, they are displaced by 90°. 





E 
AB 
Eat 
ECA 
EBc 
Enc 


Figure 13-15 Simple method to obtain a 2-phase system from a 3-phase line. 


This relationship can be seen by referring to the 

phasor diagram, and reasoning as follows: 

1. Phasors Ens, Epc and Ec, are fixed by the 
source; 

2. Phasor E’',n is in phase with E’ag because the 
same ac flux links all the turns of the autotrans- 
former; 

3. Phasor Ear is in phase with E,p for the same 
reason; 

4. From Kirchhoff’s voltage law, Ean + Enc + 
Eca = 0. Consequently, phasor Enc must have 
the value and direction shown in the figure. 
Loads 1 and 2 must be isolated from each 

other, such as the isolated windings of a 2-phase 


induction motor. 

Another way to produce a 2-phase system is to 
use the so-called Scott connection. It consists of 
two identical single-phase transformers respectively 
having a 50% and an 86.6% tap on the primary 
winding. The transformers are connected as shown 
in Fig. 13-16. The 3-phase source is connected to 
lines A, B, C and the 2-phase load is connected to 
the secondary windings. The ratio of transforma- 
tion (3-phase line voltage to 2-phase line voltage) is 
given by a Eap/E12. The Scott connection has the 
advantage of isolating the 3-phase and 2-phase sys- 


EAN Eat Ens 





tems and providing the desired voltage ratio be- 
tween them. 

Except for servomotor applications, two-phase 
systems are seldom encountered to-day. 


Example 13-5: 

A 2-phase, 7.5 kW (10 hp), 240 V, 60 Hz motor 
has an efficiency of 0.83 and a power factor of 
0.80. It is to be fed from a 600 V 3-phase line 
using a Scott-connected transformer bank. Calcu- 
late: 

a. the apparent power drawn by the motor: 

b,. the current in each 2-phase line; 

c. the current in each 3-phase line. 





phase 2 
(a) 


Figure 13-16 a. Scott connection. 


Solution: 


a. 1 The active power drawn by the motor is: 


P; = Po/n = 7500/0.83 
= 9036 W 
a.2 Apparent power drawn by the motor: 
S = P/cos@ = 9036/0.8 
= 11295 VA 
b. 1 Apparent power per phase is: 
S = 11295/2 = 5648 VA 
b.2 Current in each 2-phase line is: 
I = S/E = 5648/240 
23.5A 
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Eas 


(b) 
b. Phasor diagram. 
13-11 Phase-shift transformer 


Consider a transmission line connected to the ter- 
minals A, B, C of a phase-shift transformer (Fig. 
13-17). The transformer twists all the incoming 
line voltages through an angle a without, however, 
changing their magnitude. The result is that all the 
voltages of the outgoing transmission line 1, 2, 3 
are shifted with respect to the voltages of the in- 
coming line ABC. 

The phase angle is changed in discrete steps by 

phase-shift 


Because the transformer bank itself con- 
sumes very little active and reactive power, it 
follows that the 3-phase line supplies only 
the active and reactive power absorbed by 
the motor. The total apparent power drawn 
from the 3-phase line is therefore 11 295 VA. 
The 3-phase line current is: 
I = S/K\/3 E) = 11 295/(/3 x 600) 
= 109A 


transformer 





Tap changer 


Figure 13-17 a. Phase-shift transformer. 
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means of a motorized tap-changer. The angle may 
be leading or lagging, and is usually variable be- 
tween zero and + 20°. 





Figure 13-17 b. Phasor diagram showing the range over 
which the phase angle of the outgoing 
line can be varied. 


The basic power rating of the transformer 
(which determines its size) depends upon the ap- 
parent power carried by the transmission line, and 
upon the phase-shift. For angles less than 20°, it is 
given by the approximate equation: 


St= basic capacity of the 3-phase trans- 
former bank [VA] 
S|= apparent power carried by the trans- 
mission line [VA] 
Qmax = maximum transformer phase shift [°] 
0.0175 = an approximate coefficient [+ 7/180] 


Example 13-6: 

A phase-shift transformer is designed to control 

150 MVA on a 230 kV 3-phase line. The phase 

angle is variable between zero and +15. 

a. Calculate the approximate basic power rating of 
the transformer; 

b. Calculate the line currents in the incoming and 
outgoing transmission lines. 


Solution: 

a. St= 0.0175 Si amax 
=0.0175 x 150 x 15 
=39 MVA 


Eq. 13-1 


b. 1 The line currents are the same in both lines, 
because the powers and the voltages are the 
same. 

b.2 I=S_/1.73 EF . 

=(150 x 10°)/(1.73 x 230 000) 

=377 A 
The internal circuit of a tap-changing, phase- 
shift transformer is fairly complex. However, it 
rests upon the basic phase-shift principles dis- 
cussed in Sec. 13-9. The usefulness of such trans- 

formers will be covered in Chapter 29. 


Eq. 9-9 


13-12 Voltage regulation 


The voltage regulation of a 3-phase transformer (or 
transformer bank) may be calculated the same way 
as for single-phase transformers. In making the cal- 
culations, we assume that both the primary and 
secondary windings are connected in wye, even if 
they are not (see Sec. 9-11). One phase is then ana- 
lysed using the respective line-to-neutral voltages 
and making the nominal power per phase equal to 
one third of the kVA rating of the 3-phase trans- 
former. The load is similarly treated, and the cir- 
cuit is solved using the techniques explained in 
Chapter 11. 


Example 13-7: 

The 3-phase transformer shown in Fig. 11-50 is 

rated 1300 MVA, 24.5 kV/345 kV, 60 Hz, imped- 

ance 11.5%. 

a. Determine the equivalent circuit of this trans- 
former, per phase. 

b. Calculate the required generator terminal volt- 
age when the HV line delivers 1200 MVA at 
327 kV with a lagging power factor of 0.90. 


Solution: 

a. 1 First, we note that the primary and second- 
ary winding connections are not specified. 
We don’t need this information. However, 
we assume that both windings are connected 
in wye (see Sec. 9-11). 

a. 2 Nominal primary voltage is: 

Ep= 245//3 = 14.14 kV 


a.3 Nominal secondary voltage is: 
E,= 345//3 = 199kV 
a.4 Ratio of transformation is: 
a = 199/14.14 = 14.07 
a.5 Nominal rating per phase is: 
Sy = 1300/3 = 433.3 MVA 
a.6 Nominal impedance per phase (referred to 
the secondary) is: 
Za= Ee/Sn 
199 000*/433.3 x 10° 
= 91.40 
a.7 Transformer internal impedance (referred to 
the secondary) is: 
Z,= 11.5% x 91.4 = 10.5 
The impedance is essentially reactive because 
this is a big transformer. 
a.8 The equivalent circuit is given in Fig. 13-18. 


Eq. 11-17 


10.5 22 





Figure 13-18 See Example 13-7. 


b.1 The line-to-neutral voltage under load is: 
E,= 327/\/3 = 189 kV 
b.2 The load per phase is: 
S = 1200/3 = 400 MVA 
b.3 The current per phase is: 
I, = S/E; = (400 x 10°)/189 000 
= 2116A 
This current lags 25.8° behind Es. 
(cos 25.8° = 0.9) 
b.4 Internal transformer impedance drop is: 
Ey= InZ, = 2116 x 10.5 


= 22.2kV 
b.5 Referring to Fig. 13-19 we can calculate the 
value of £7: 
EZ = E2+E,? - 2E;E, cos (90 + 25.8) 
= 1897+ 22.2? 
- 2x 189 x 22.2 cos 115.8" 
= 39 866 


= 199.7 kV 
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2116A 


Figure 13-19 See Example 13-7. 


b.6 The corresponding generator line-to-neutral 
voltage is: 
Eg= E,/a = 199.7/14.07 = 14.19 kV 
b. 7 The alternator terminal voltage is therefore: 
 E = V3 Ey = V3 x 14.19 


= 246kV 
13-13 Polarity marking of 3-phase transformers 


The HV terminals of a 3-phase transformer are 
marked H,, H2, H3 and the LV terminals are 
marked X,, X2, X3. The following rules have been 
standardized: 

1. If the primary windings and secondary windings 
are connected wye-wye or delta-delta, the volt- 
ages between similarly-marked terminals are in 
phase. Thus: 

Et, H2 is in phase with E41, x2; 
Ey2, 1 is in phase with Ex2, x1; 
F'u1, H3 is in phase with E'x1, x3 
...andsoon... 

2. If the primary and secondary windings are con- 
nected in wye-delta or delta-wye, there results a 
30° phase shift between the primary and sec- 
ondary line voltages. The internal connections 
are made so that the voltages on the HV side 
always lead the voltages of similarly-marked ter- 
minals on the LV side. Thus: 

Eun, u2 leads Ex, x2 by 30°: 
Fu2, H1 leads Fx2, x1 by 30°; 
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Eu3, H2 leads Ex3, x2 by 30° 
...andsoon... 


3. These rules are not affected by the phase se- 
quence of the line voltage applied to the prima- 
ry side. 


QUESTIONS AND PROBLEMS 


Practical level 


13-1 


13-2 


13-3 


13-4 


Assuming that the transformer terminals 
have polarity marks H,;, Hz, X1, Xz, make 
schematic drawings of the following connec- 
tions: 
a. delta-wye; b. open-delta. 
Three single-phase transformers rated at 
250 kVA, 7200 V/600 V, 60 Hz, are con- 
nected in wye-delta on a 12 470 V 3-phase 
line. If the load is 450 kVA, calculate the 
currents: 
a. in the incoming and outgoing transmis- 
sion lines; 
b. in the primary and secondary windings. 
The transformer in Fig. 13-9 has a rating of 
36 MVA, 13.8kV/320 V. Calculate the 
nominal currents in the primary and second- 
ary lines. 
Calculate the nominal currents in the prima- 
ry and secondary windings of the transform- 
er shown in Fig. 11-50, knowing that the 
windings are connected in delta-wye. 


Intermediate level 


13-5 


The transformer shown in Fig. 11-51 oper- 


13-6 


13-7 


13-8 


13-9 


ates in the forced-air mode during the morn- 

ing peaks. 

a. Calculate the currents in the secondary 
lines if the primary line voltage is 225 kV 
and the primary line current is 150 A. 

b. Is the transformer overloaded? 

The transformers in Problem 13-2 are used 

to raise the voltage of a 3-phase 600 V line 


to 7.2 kV. 
a. How must they be connected? 


b. Calculate the line currents for a600 kVA 
load. 

c. Calculate the corresponding primary and 
secondary currents. 

In order to meet an emergency, three single- 

phase transformers rated 100 kVA, 13.2 kV/ 

2.4kV are connected in wye-delta on a 3- 

phase 18 kV line. 

a. What is the maximum load that can be 
connected to the transformer bank? 

b. What is the outgoing line voltage? 

Two transformers rated 250 kVA, 2.4 kV/ 

600 V are connected in open-delta to supply 

a load of 400 kVA. 

a. Are the transformers overloaded? 

b. What is the maximum load the bank can 
carry on a continuous basis? 

Referring to Figs. 13-3, and 13-4, the line 

voltage between phases A-B-C is 6.9 kV and 

the voltage between lines 1, 2 and 3 are bal- 

anced and equal to 600 V. Then, in a similar 

installation the secondary windings of trans- 

former P are by mistake connected in reverse. 

a. Determine the voltages measured between 
lines 1-2, 2-3 and 3-1. 

b. Draw the new phasor diagram. 
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DIRECT 
CURRENT 
GENERATORS 





Direct current generators are not as common as 
they used to be, because direct current, when re- 
quired, is mainly produced by electronic rectifiers. 
These devices can convert the current of an ac sys- 
tem into direct current without using any moving 
parts. Nevertheless, an understanding of dc genera- 
tors is important because it represents a logical in- 
troduction to the behavior of dc motors. Indeed, 


frame 


flux 





armature 


Figure 14-1 a. Cross section of 2-pole generator. 


many dc motors in industry actually operate as 
generators for brief periods. 

Commercial dc generators and motors are built 
the same way; consequently, any dc generator can 
Operate as a motor and vice versa. Direct current 
machines possess four main components: the field, 
the armature, the commutator and the brushes 
(Fig. 14-1). 


field 
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pole piece 
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(b) 


b. Cutaway view of a 4-pole dc generator. 
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14-1 Field 


The field produces the magnetic flux in the ma- 
chine. It is basically a stationary electromagnet 
composed of a set of salient poles bolted to the in- 
side of a circular frame. Field coils, mounted on 
the poles, carry the dc exciting current. The frame 
is usually made of solid cast steel, whereas the pole 
pieces are composed of stacked iron laminations. 
In some generators, called magnetos, the flux is 
created by permanent magnets. 

The number of poles depends mainly upon the 
physical size of the machine; the bigger it is, the 
more poles it will have. By using a multi-pole de- 
sign, we can reduce the dimensions and cost of 
large machines, and also improve their perfor- 
mance. 

The field coils of a multipole machine are con- 
nected together so that adjacent poles have oppo- 
site magnetic polarities (Fig. 14-2). The coils are 
composed of several hundred turns of wire car- 
rying a relatively small current. The coils are well 
insulated from the pole pieces to prevent short- 





Figure 14-2 Adjacent poles have opposite polarities. 


circuits. 

The mmf developed by the coils produces a 
magnetic field that passes through the pole pieces, 
the frame, the armature and the air gap. The air 
gap is the short space between the armature and 
the pole pieces. It ranges from 1.5 to 5 mmas the 
generator output increases from 1 to 100 kW. 

Because the armature and field are composed of 


magnetic materials having excellent permeability, 
most of the mmf is available to force the flux 
across the air gap. Consequently, by reducing its 
length, we can diminish the size of the field coils. 


14-2 Armature 


The armature is keyed to a shaft and revolves be- 
tween the field poles. It is composed of slotted, 
iron laminations that are stacked to form a solid 
cylindrical core. The laminations are individually 
coated with an insulating film so that they do not 
come in electrical contact with each other. The 
slots are lined up to provide space to lodge the 
armature conductors. 

The armature conductors carry the current 
which is delivered by the machine. They are insu- 
lated from the iron core by several layers of paper 
or mica and are firmly held in place by fiber slot 
sticks. If the armature current is small, we use 
round wire, but for currents exceeding 20 A, we 
prefer rectangular conductors because they make 
better use of the available slot space. The outward 





Figure 14-3. a. Armature showing the commutator, 
stacked laminations, slots and_ shaft. 
(General Electric Company, USA) 
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mica 





segment 





Figure 14-3 b. Armature lamination with tapered slots. Figure 14-4 Commutator of a dc machine. 


iron teeth fiber slot stick Great care is taken in building the commutator 
because any eccentricity will cause the brushes to 
bounce, producing unacceptable sparking. The 
sparks burn the brushes and overheat and carbon- 
ize the commutator. 
insulation A two-pole generator has two fixed brushes dia- 
metrically opposite to each other (Fig. 14-5a). 
They slide on the commutator and ensure good 
electrical contact between the revolving armature 
and the stationary external load. 
Multipole machines possess as many brush sets 
as they have poles. The brush sets are composed of 
one or more brushes, depending upon the current 
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(c) 


Figure 14-3 c. Cross section of a slot containing 4 arma- 
ture conductors. 


appearance and general construction of an arma- 
ture is shown in Fig. 14-3. 


14-3 Commutator and brushes 


The commutator is composed of an assembly of 
tapered copper segments insulated from each other 
by mica sheets, and mounted on the shaft of the 
machine (Fig. 14-4). The armature conductors are 
connected to the commutator in a manner we ex- 
plain below. b. Brushes and connections of a 6-pole generator. 





Figure 14-5 a. Brushes of a 2-pole generator. 
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that has to be carried. In Fig. 14-1b, for example, 
each brush set has three brushes. The brush sets 
are spaced at equal intervals around the commuta- 
tor. They are supported by a movable brush yoke 
that permits the entire brush assembly to be 
shifted and then locked in the desired position. As 
we go around the commutator, the successive 
brush sets have positive and negative polarities. 
Brushes having the same polarity are connected to- 
gether and the leads are brought out to one posi- 
tive and one negative terminal (Fig. 14-5b). 

The brushes are made of carbon because it has 
good electrical conductivity and is soft enough to 
not score the commutator. To improve the con- 
ductivity, we sometimes add a small amount of 
copper to the carbon. The brush pressure may be 
set by means of adjustable springs (Fig. 14-6). If 





spring 
(a) (b) 





(c) 


Figure 14-6 a. Carbon brush. 
b. Brush holder and spring. 
c. Brush assembly mounted on rocker arm. 
(General Electric Company, USA) 


the pressure is too great, the friction produces ex- 
cessive heating of the commutator and brushes: on 
the other hand, if it is too weak, the imperfect 
contact may produce sparking. The pressure is 
usually about 15 kPa (* 2 Ib/in?) and the current 
density approximately 10 A/cm? (65 A/in’). 
Thus, a typical brush having a cross section of 
3cm x 1cm (*1,2 in x 0.4 in) exerts a pressure 
of 4.5 N (* 1 Ib) and carries a current of 30 A. 

Figure 14-7 shows the construction of a 4-pole 
dc generator. 


14-4 Lap winding 


The armature coils may be connected to the com- 
mutator in several different ways; one of the most 
common is known as the /ap winding. |n this wind- 
ing, the coils are effectively connected in series so 
that the voltages induced under the N and S poles 
add up. 

Figure 14-8 shows a lap winding composed of 
four coils, A, B, C, D, placed in four armature slots 
and connected to the four segments of a commu- 
tator. Coil A, for example, is connected to seg- 
ments a and b. For reasons of mechanical symme- 
try, one side of the coil is placed in the upper part 
of the slot 1, whereas the other coil-side is placed 
in the bottom of slot 3. Each slot contains the 
conductors of two different coils. Thus, slot 1 con- 
tains the conductors belonging to coil A and to > 
coil C. The schematic diagram of Fig. 14-8b shows 
that the coils are effectively connected in series 
and form a closed loop around the armature. The 
position of the coils corresponds to that in Fig. 
14-8a. Thus, coil A is moving across the space be- 
tween the pole tips, while coil B is sweeping across 
the center of the poles. 

We usually employ much more than four coils 
on an armature.” Figure 14-9 shows a winding 
composed of 12 coils, placed in 12 slots, and con- 
nected to a commutator having 12 segments. Some 
of the coils are labelled with two numbers, corre- 
sponding to the slots into which the coil-sides are 
placed (Fig. 14-10). Thus, coil A is placed in slots 
1 and 7. 

* See Section 2-15. 
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Figure 14-7 Sectional view of a 100 kW, 250 V, 1750 r/min 4-pole dc generator. (General Electric Company, USA) 





(b) 


Figure 14-8 a. Lap winding composed of 4 coils. b. Schematic diagram of lap winding. 
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neutral zone 


Figure 14-9 Lap winding composed of 12 coils. 


14-5 Induced voltage 


When the armature rotates, the voltage / induced 
in each conductor depends upon the flux density 
which it cuts, expressed by 

E = Bly Eq. 2-2 

Because the density in the air gap varies from 
point to point, the induced voltage per conductor 
depends upon its instantaneous position. It follows 
that the voltage induced in each coi/ depends upon 
its instantaneous position. Consider, for example, 
the voltages induced in the armature when it oc- 
cupies the position shown in Fig. 14-9. The con- 
ductors in slots 1 and 7 are exactly between the 
Poles, where the flux density is zero. The voltage 
induced in the two coils lodged in slots 1 and 7 is 
therefore zero. On the other hand, the conductors 
in slots 4 and 10 are directly under the center of 
the poles, where the flux density is greatest. The 
voltage induced in the two coils lodged in these 
slots in therefore maximum. Finally, owing to 
magnetic symmetry, the voltage induced in the 
coils lodged in slots 3 and 9 is the same as that in- 
duced in the coils lodged in slots 5 and 11. 

Figure 14-10 is a schematic diagram showing 
the instantaneous voltages induced in each of the 
12 coils of the armature. They are 0-7-18 and 20 V, 
respectively. Note that the brushes straddle the 
coils in which the voltage is momentarily zero. 





Figure 14-10 Schematic diagram of lap winding 


Taking polarities into account, we can see that 
the voltage between the two brushes is (7 + 18 + 
20 + 18 + 7) = 70 V, and brush x is positive with 
respect to brush y. This voltage remains essentially 
constant as the armature rotates, because the num- 
ber of coils between the brushes is always the 
same, irrespective of armature position. 

If we were to shift the brush yoke by 90°, the 
voltage between the brushes would become (+ 18 
+7+0-7-18)=OV. Furthermore, in this posi- 
tion, the brushes would continually short-circuit 
coils that generate 20 V. Large short-circuit cur- 
rents would flow in the shorted coils and brushes, 
and sparking would result. 


14-6 Neutral zones 


Neutral zones are those places on the surface of 
the armature where the flux density is zero. When 
the generator operates at no load, the neutral 
zones are located exactly between the poles. No 
voltage is induced in a coil that cuts through the 
neutral zone. We always try to set the brushes so 
that they are in contact with coils that are momen- 
tarily in a neutral zone. If we shift the brushes to 
another position, they short-circuit coils in which 
the induced voltage is not zero. Heavy short-circuit 
currents result, producing sparking underneath the 
brushes. 
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Figure 14-11 Partial view of a 12-pole generator. 


14-7 Multipole generators 


Multipole generators have the same type of lap 
winding on the armature as two-pole machines 
have. The coil width (or coil pitch) must be such 
that each coil-side cuts the flux coming respective- 
ly from a N and a S pole. Figure 14-11 shows a 
partial view of a 12-pole machine that has 72 slots 
on the armature, 72 segments on the commutator, 
and 72 coils.* Only three coils A, B, C are shown 
so as not to confuse the diagram. Coil A has its 
coil-sides in slots 1 and 7, while those of coil B are 
in slots 4 and 10. Furthermore, coil A is connected 
to commutator segments 72 and 1, while coil B is 
connected to segments 3 and 4. 

In the position shown, the coil-sides of coil A 
are in the neutral zone between the poles. Conse- 
quently, no voltage is induced in coil A. On the 
other hand, the coil-sides of B are directly under 
the N and S poles. The voltage in coil B is maxi- 
mum at this moment. Consequently, the voltage 
between adjacent commutator segments 3 and 4 is 
maximum. 

The voltage in coil C is also zero because its 
coil-sides are sweeping across the neutral zone. 
Note that the positive and negative brushes both 
straddle coils having zero voltage. 


* In practice, a 12-pole machine has more coils and com- 


mutator bars than given in this example. 


The voltage between the brushes is equal to the 
sum of the voltages induced in the five coils con- 
nected to segments 1-2, 2-3, 3-4, 4-5, and 5-6. The 
machine has six positive and six negative brush sets 
(Fig. 14-12). The positive brushes are connected 
together and the negative brushes are connected 
together to yield one positive and one negative ter- 
minal. 

Figure 14-12 shows schematically how all the 
coils are connected together and how they are 
joined to the commutator bars. Coils A, B, and C 
mentioned previously are identified on the dia- 
gram. It is obvious that the voltage between any 
two brush sets is equal to the voltages induced by 
an adjacent pair of N, S poles. 


Example 14-1: 

The generator in Fig. 14-12 generates 240 V be- 
tween adjacent brushes and delivers a current of 
2400 A to the load. Calculate: 

a. the current delivered per brush-set; 

b. the current flowing in each coil; 

c. the average voltage induced per coil. 


Solution: 

a.1 Acurrent of 2400 A flows out of the (+) ter- 
minal and back into the (-) terminal of the 
generator. 

a.2 The current per brush set is 

I = 2400/6 = 400A 
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b. Each positive brush set gathers current from 
the windings to the right and left of the 
brush. Consequently, the current per coil is Seely 
400/2 = 200A. where 
roa There are six coils between adjacent brush Z = total number of conductors on the arma- 
sets. The average voltage per coil is ture 
Eavge = 240/6 = 40 V n = speed rotation [r/min] 
® = flux per pole [Wb] 
14-8 Value of the induced voltage This important equation shows that for a given 
generator, the voltage is directly proportional to 
The voltage induced in a de generator is given by: the flux per pole and to the speed of rotation. 





Figure 14-12 Schematic diagram of the 12-pole generator in Figure 14-11. 


Example 14-2: 
The armature of a six-pole, 600 r/min generator, 
has 90 slots. If each coil has 4 turns and the flux 
per pole is 0.04 Wb, calculate the value of the in- 
duced voltage. 


Solution: 
Each turn has two active conductors, and 90 coils 
are required to fill the 90 slots. The total number 
of armature conductors Is: 

Z = 90x4x2 = 720 
also 

n = 600 
Consequently, 

Ey= Zn&/60 = 720 x 600 x 0.04/60 

= 288 V 

The voltage between the brushes at no load Is 

therefore 288 V. 


14-9 Separately excited generator 


When the dc field current in a generator is supplied 
by an independent source (such as a storage cell or 
another generator, called exciter), the generator is 
said to be separately excited. Thus, in Fig. 14-13, 
the dc source connected to terminals a and b 
causes exciting current J, to flow. If the armature 
is driven by a turbine or cther machine, a voltage 
Ey) appears between brush terminals x and y. 





Figure 14-13 Separately excited dc generator. 


14-10 No-load operation 


When a separately excited dc generator runs at no 
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load (armature circuit open), a change in either the 
exciting current or the speed of rotation causes a 
corresponding change in the induced voltage. 

Induced voltage vs exciting current. As we raise 
the exciting current J,, the mmf of the field in- 
creases, which increases the flux ® per pole. By 
plotting ® as a function of /,, we obtain the satu- 
ration curve of Fig. 14-14a. When the exciting cur- 
rent is relatively small, the flux is small, and the 
iron in the machine is unsaturated. Very little mmf 


rated flux 


—— FHI 





Figure 14-14 a. Flux per pole versus exciting current. 


is needed to force the flux through the iron, with 
the result that the mmf developed by the field 
coils is almost entirely available to force flux 
through the air-gap. Because the permeability of 
air is constant, the flux increases in direct propor- 
tion to the exciting current, as shown by the por- 
tion oa of the saturation curve. However, as we 
continue to raise the exciting current, the iron in 
the field and armature begins to saturate. A large 
mmf is now required to produce a small increase in 
flux, as shown by portion be of the curve. The ma- 
chine is now said to be saturated. Saturation of the 
iron begins to be important when we reach the so- 
called ‘‘knee’’ ab of the saturation curve. 

How does the saturation curve relate to the in- 
duced voltage Fo? If we drive the generator at 
constant speed, Eo is directly proportional to the 
flux ®. Consequently, by plotting Fo as a function 
of J,, we obtain a curve whose shape is identical to 
the saturation curve of Fig. 14-14a. The result is 
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shown in Fig. 14-14b; it is called the no-load satu- 
ration curve of the generator. 


V rated voltage 





Figure 14-14 b. Induced voltage versus exciting current. 


The nominal voltage of a generator is usually a 
little above the knee of the curve. Thus, in Fig. 
14-14b, the nominal voltage is about 125 V. By 
varying the exciting current, we can vary the in- 
duced voltage as we please. Furthermore, by re- 
versing the current, the flux reverses and so, too, 
will the polarity of the induced voltage. 

Induced voltage vs speed. For a given exciting 
current, the induced voltage increases in direct 
Proportion to the speed, a result that follows from 
Eq. 14-1. 

If we reverse the direction of rotation, the po- 
larity of the induced voltage also reverses. How- 
ever, if we reverse both the exciting current and 
the direction of rotation, the polarity of the in- 
duced voltage remains the same. 


14-11 Shunt generator 


A shunt-excited generator is a machine whose field 
coils are directly connected to the armature termi- 
nals, so that the generator is self-excited (Fig. 
14-15). The principal advantage of this connection 
is that it eliminates the need for an external source 
of excitation. 

How is self-excitation achieved? When a shunt 
generator is started up, a small voltage is induced 
owing to the remanent flux in the poles. This volt- 
age produces a small exciting current J, in the 
shunt field. The resulting small mmf acts in the 


same direction as the remanent flux, causing the 
flux per pole to increase. The increased flux in- 
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Figure 14-15 a. Self-excited shunt generator. 
b. Schematic diagram. 


creases Ey which increases J, ... and this progres- 
sive build up continues until Eo reaches a maxi- 
mum value determined by the field resistance and 
degree of saturation. 


14-12 Controlling the voltage 


It is easy to control the induced voltage of a shunt- 
excited generator. We simply vary the exciting cur- 
rent by means of a rheostat connected in series 
with the field (Fig. 14-16). 

To understand how the output voltage varies, 
suppose that £’9 is 120 V when the movable brush 
Pp is in the center of the rheostat. If we move the 
brush towards extremity m, the resistance between 
points a and b diminishes, which causes the ex- 


citing current to increase. This increases the flux 
and, consequently, the induced voltage £9. On the 


field rheostat 





Figure 14-16 Controlling the generator voltage with a 
field rheostat. 


other hand, if we move the brush towards extremi- 
ty n, the resistance increases, the exciting current 
diminishes, the flux diminishes, and £’p will fall. 
We can easily determine the value of £9 if we 
know the saturation curve of the generator and the 
total resistance R;, of the rheostat and field. We 
simply draw a straight line corresponding to the 
resistance R,, superimposing it on the saturation 
curve. The point where the line intersects the 
curve, corresponds to the induced voltage. For ex- 
ample, if the field has a resistance of 50 2, and the 
rheostat is set to zero, then Ry = 5092. The 
straight line corresponding to Ay must pass 
through the point & = 50V, f= 1A. This line in- 
tersects the saturation curve at a point corre- 
sponding to a voltage of 150 V (Fig. 14-17). This 





Figure 14-17 The no-load voltage depends upon the rhe- 
ostat setting. 
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is the maximum voltage which the shunt generator 
can produce. By changing the position of the rheo- 
stat, the total resistance of the field circuit in- 
creases. Thus, when R; is 120 0&2, we obtain a 
line which cuts the curve at a voltage / of 120 V. 


14-13 Equivalent circuit 


The armature winding contains a set of identical 
coils, all of which possess a certain resistance. The 
total armature resistance Ro is that which exists 
between the armature terminals when the machine 
is stationary. The resistance is usually very small, 
often less than one hundredth of an ohm. Its value 
depends mainly upon the power and voltage of the 
generator. To simplify the generator circuit, we 
can represent Ro as if it were in series with one of 
the brushes. The equivalent circuit of a generator 
is thus composed of a resistance Rg in series with a 
voltage Fy (Fig. 14-18). The latter is the voltage in- 





Figure 14-18 Equivalent circuit of a de generator. 


duced in the revolving conductors. Terminals 1, 2 
are the external terminals of the machine. 


14-14 Generator under load 


Let us assume that a separately excited generator 
runs at constant speed and fixed excitation. In- 
duced voltage F'y is therefore fixed. When the ma- 
chine operates at no-load, terminal voltage £42 is 
equal to the induced voltage / because the volt- 
age drop in the armature resistance is zero. How- 
ever, if we connect a load across the armature (Fig. 
14-19), the resulting load current / produces.a 
voltage drop across resistance Ro. Terminal voltage 
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Figure 14-19 Generator under load. 


Ey. is now less than the induced voltage Fy. As we 
increase the load, the terminal voltage diminishes 
progressively, as shown in Fig. 14-20. The graph of 
terminal voltage as a function of load current is 
called the /oad curve of the generator. 





Figure 14-20 Generator load characteristic. 


The terminal voltage of a self-excited shunt 
generator falls off more sharply with increasing 
load than that of a separately excited generator. 
The reason is that £9 in a separately excited ma- 
chine remains essentially constant. This is not so 
for a self-excited generator, because its exciting 
current falls as the terminal voltage drops. For a 
self-excited generator, the voltage drop from no 
load to full load is about 15 percent of the no-load 
voltage, whereas for a separately excited generator 
it is usually less than 10 percent. 

In addition to armature resistance, another phe- 
nomenon known as armature reaction also causes 
the terminal voltage to fall. In effect, when current 
flows in the armature, it creates a mmf that tends 


to reduce the field flux. The flux reduction pro- 
duces a corresponding drop in the induced voltage. 
This phenomenon will be studied in greater detail 
in Chapter 15. 


14-15 Compound generator 


In some applications, we can tolerate a reasonable 
drop in terminal voltage as the load increases, but 
this is unacceptable in lighting circuits. For exam- 
ple, the distribution system of a ship supplies 
Power to both dc machinery and incandescent 
lamps. The current delivered by the generator fluc- 
tuates continually, in response to the varying 
loads. These current variations produce corre- 
sponding changes in the generator terminal volt- 


series 





Figure 14-21 a. Compound generator under load. 
b. Schematic diagram. 


age, Causing the lights to flicker. To eliminate such 
voltage fluctuations, we use compound generators. 

A compound generator (Fig. 14-21a) is similar 
to a shunt generator, except that it has additional 
exciting coils connected in series with the arma- 
ture. These series field coils are composed of a few 
turns of heavy wire, big enough to carry the arma- 


ture current. The total resistance of the series coils 
is therefore small. Figure 14-21b is a schematic 
diagram of the shunt and series field connections. 
When the generator runs at no load, the current in 
the series coils is zero. The shunt coils, however, 
carry exciting current /, which produces the field 
flux, as in a standard self-excited shunt generator. 
As we load the generator, the terminal voltage 
tends to drop, but load current J, now flows 
through the series field coils. The mmf developed 
by these coils acts in the same direction as the 
mmf of the shunt field. Consequently, the field 
flux under load rises above its original no-load val- 
ue, which raises the value of Eo. If the series coils 
are properly designed, the terminal voltage remains 
practically constant with increasing load. In effect, 
the rise in the induced voltage compensates for the 
armature JR drop. 

In some cases, we have to compensate not only 
for the armature voltage drop, but also for the JR 
drop in the line between the generator and load. 
The generator manufacturer then places a few ad- 


Figure 14-22 


This direct-current Thomson generator was first installed 
in 1889, to light the streets of Montreal. It delivered a 
current of 250 A at a voltage of 110 V. Other properties 
of this pioneering machine: 


Speed 1300 r/min 
Total weight 2390 kg 
Armature diameter 292 mm 
Stator internal diameter 330 mm 
Number of commutator bars 76 
Armature conductor size # 4 
Shunt field conductor size #14 


A modern generator having the same power and speed 
weighs 7 times less and occupies only 1/3 the floor space. 
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ditional turns on the series windings so that the 
terminal voltage increases as the load current rises. 
Such machines are called over-compound genera- 
tors. \f the compounding Is too strong, a low resis- 
tance can be placed in parallel with the series field. 
This reduces the current in the field and has the 
same effect as reducing the number of turns. For 
example, if the d/verter resistance is equal to that 
of the series field, the current in the latter is re- 
duced by half. 


14-16 Differential compound generator 


If the mmf of the series field acts opposite to the 
shunt field, the terminal voltage falls drastically 
with increasing load. We can make such a d/fferen- 
tial compound generator by simply reversing the 
series field of a standard compound generator. 
Differential compound generators were formerly 
used in dc arc welders, because they tended to lim- 
it the short-circuit current and to stabilize the arc 
during the welding process. 
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14-17 ‘oad characteristics 


The load characteristics of some shunt and com- 
pound generators are given in Fig. 14-23. The volt- 
age of an over-compound generator increases by 
10 percent when full load is applied, whereas that 
of a flat-compound generator remains constant. 
On the other hand, the full-load voltage of a shunt 
generator is 15 percent below its no-load value, 
while that of a differential-compound generator is 
30 percent lower. 







overcompound 
compound 


o separate excitation 

£ 80 shunt 
oro. 

a 60 differential compound 
Cc 

E | 40 

2 


0 50 100 % 


— Load current 


Figure 14-23 Typical load characteristics of dc generators. 


14-18 Mechanical forces under load 


The load current delivered by a generator flows 
through all the armature conductors. If we could 
look inside the machine, we would discover that 
current always flows in the same direction in those 
conductors that are momentarily under a N pole. 


The same is true for conductors that are momen- 
tarily under a S pole. However, the currents under 
the N pole flow opposite to those under a S pole. 

Because all the conductors lie in a magnetic 
field, they all experience a force, according to 
Lorentz’s law. If we take into account the direc- 
tion of current flow and the direction of flux, we 
find that the forces on the conductors all act in 
the same sense. In effect, they produce a torque 
which acts opposite to the direction in which the 
generator is driven. To keep the machine going, we 
must exert a torque on the shaft to overcome this 
opposing electromagnetic torque. The resulting 
mechanical power is converted into electrical pow- 
er, which is delivered to the generator load. 

The preceding explanation becomes clearer if 
we refer to Fig. 14-24, which shows a portion of a 
12-pole dc generator. The generator is being driven 
counterclockwise by a motor or engine of some 
kind. The armature conductors under the S pole 
carry currents that flow /nto the page, away from 
the reader. Conversely, the armature currents 
under the N pole flow out of the page, towards the 
reader. The force on every conductor acts there- 
fore towards the right, producing a net clockwise 
torque. This braking torque acts opposite to the 
direction of rotation. 


14-19 Generator specifications 
The nameplate of a generator indicates the power, 


voltage, speed, and so forth, of the machine. These 
specifications, or nominal characteristics, are the 





Figure 14-24 A generator under load exerts a braking torque. 


values guaranteed by the manufacturer. Consider, 
for example, the information punched on the 
nameplate of a 100 kW generator: 


Speed 1200 r/min 


Power 100 kW 
Voltage 250 V Type Compound 
Exciting current 20A Class 


Temperature rise 50°C 


These specifications tell us that the machine 
can deliver, continuously, a power of 100 kW ata 
voltage of 250 V, without exceeding a temperature 
rise of 50 C. It can therefore supply a load current 
of 100 000/250 = 400A. It possesses a series 
winding, and the current in the shunt field is 20 A. 
In practice, the voltage is adjusted to a value close 
to 250 V, and we may draw any amount of power, 
as long as it does not exceed 100 kW. The class B 
designation refers to the class of insulation used in 
the machine (see Sec. 4-7). 


QUESTIONS AND PROBLEMS 
Practical level 


14-1 Sketch the main components of a dc genera- 
tor. 

14-2 Why are the brushes of a dc machine always 
placed at the neutral points? 

14-3 Describe the construction of a commutator. 

14-4 How is the induced voltage of a separately 
excited dc generator affected if: 
a. the speed increases; 
b. the exciting current is reduced? 

14-5 How do we adjust the voltage of a shunt gen- 
erator? 

14-6 The terminal voltage of a shunt generator de- 
creases with increasing load. Explain. 

14-7 Explain why the output voltage of a com- 
pound generator increases as the load in- 
creases. | 
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14-8 Explain the difference between shunt, com- 
pound and differential compound genera- 
tors: 

a. as to construction; 
b. as to electrical properties. 


Intermediate level 


14-9 A separately excited dc generator turning at 
1400 r/min produces an induced voltage of 
127 V. The armature resistance is 2 {2 and 
the machine delivers a current of 12 A. Cal- 
culate: 

a. the terminal voltage; 

b. the heat dissipated in the armature; 

c. the braking torque exerted by the arma- 
ture. 

14-10 A separately excited dc generator produces 
a no-load voltage of 115 V. What happens if: 
a. the speed is increased by 20 percent? 

b. the direction of rotation is reversed? 

c. the exciting current is increased by 10 
percent? 

d. the polarity of the field is reversed? 

14-11 Each pole of a 100 kW, 250 V compound 
generator has a shunt field of 2000 turns and 
a series field of 7 turns. If the total shunt- 
field resistance is 100 &2, calculate the mmf 
when the machine operates: 

a. at no-load; 
b. at full-load. 

14-12 Figure 14-14b shows the no-load saturation 
curve of a separately excited dc generator 
when it revolves at 1500 r/min. Calculate the 
exciting current needed to generate 120 V at 
1330 r/min. 

14-13 Referring to Fig. 14-8, the induced voltage 
in coil D is momentarily 18 V, in the posi- 
tion shown. Calculate the voltages induced 
in coils A, B, and C at the same instant. 

14-14 Referring to Fig. 14-10, calculate the volt- 
age induced in coil A, when the armature has 
rotated by 90°: by 120°. 

14-15 Brush x is positive with respect to brush y 
in Fig. 14-10. Show the polarity of each of 
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the 12 coils. Does the polarity reverse when 
a coil turns through 180°? 

14-16 The generator of Fig. 14-11 revolves at 
960 r/min and the flux per pole is 20 mWb. 
Calculate the no-load armature voltage if 
each armature coil has 6 turns. 

14-17a. How many brush sets are needed for the 

generator in Fig. 14-11? 

b. If the machine delivers a load current of 
1800 A, calculate the current flowing in 
each armature coil. 


Advanced level 


14-18 Draw a simple diagram of the armature cir- 
cuit (similar to that of Fig. 14-10) for the 
generator shown in Fig. 14-11. 

14-19 Referring to Fig. 14-8, determine the polar- 
ity of Eyy when the armature turns counter- 
clockwise. 

14-20a. In Fig. 14-11, determine the polarity of 

E34 between commutator segments 3 and 
4, knowing that the armature is turning 
clockwise. 


b. At the same instant, what is the polarity 
of segment 35 with respect to segment 
34? 

14-21 The armature shown in Fig. 15-4 has 81 
slots and the commutator has 243 segments. 

It will be wound to give a 6-pole lap winding 

having 1 turn per coil. If the flux per field 

pole is 30 mWb, calculate: 

a. the induced voltage at a speed of 
1200 r/min; 

b. the average flux density per pole; 

c. the time needed to reverse the current in 
each armature coil, knowing that the 
brushes are 15 mm wide and that the di- 
ameter of the commutator is 450 mm. 

14-22 If we want to induce a voltage in a straight 
conductor by using the earth’s magnetic 
field, how should the conductor be oriented, 

and in what direction should it be displaced? 
Calculate the voltage induced in such a 
conductor if it is 1m long and moves at 

120 km/h through a field of 50 UT. 





DIRECT 
CURRENT 
MOTORS 


Direct current motors transform electrical energy 
into mechanical energy. They drive machines and 
devices such as hoists, fans, pumps, calenders, 
punch-presses, and cars. These devices may have a 
definite torque-speed characteristic (such as a 
pump or fan) or a highly variable one (such as a 
hoist or car). The torque-speed characteristic of 
the motor must be adapted to the type of load it 
has to drive, and this requirement has given rise to 
three basic types of motors: 


1. shunt motors, 
2. series motors, 
3. compound motors. 


Direct current motors are seldom used in ordi- 
nary industrial applications because all electric 
utility systems furnish alternating current. How- 
ever, for special applications such as in steel mills, 
mines and electric trains, it is advantageous to 
transform the alternating current into direct cur- 
rent in order to use dc motors. The reason is that 
the torque-speed characteristics of dc motors can 
be varied over a wide range while retaining high 
efficiency. 


15-1 Counter-emf 


Direct current motors are built the same way as 
generators are; consequently, a dc machine can 
Operate either as a motor or as a generator. To il- 
lustrate the point, consider a dc generator in which 
the armature, initially at rest, may be connected to 
a de source FE, by means of a switch (Fig. 15-1). 
The armature has a resistance A, and the field is 
created by a set of permanent magnets. 

As soon as the switch is closed, a large current 
flows in the armature because its resistance is very 
low. The individual armature conductors are im- 
mediately subjected to a force because they are 





Figure 15-1 Starting a dc motor. 
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immersed in the magnetic field created by the per- 
manent magnets. These forces add up to produce a 
powerful torque, causing the armature to rotate. 

On the other hand, as soon as the armature be- 
gins to turn, a second phenomenon takes place: 
the generator effect. We know that a voltage £9 is 
induced in the armature conductors as soon as 
they cut a magnetic field. This is always true, no 
matter what causes the rotation. The value and 
polarity of the induced voltage are the same as 
those obtained when the machine operates as a 
generator. The induced voltage Fg is therefore pro- 
portional to the speed of rotation n of the motor 
and to the flux ® per pole, as already given by Eq. 
14-1: 

Eo = Zn®/60 Eq. 14-1 

As in the case of a generator, Z is a constant 
which depends upon the number of turns on the 
armature and the type of winding. For lap wind- 
ings, Z is equal to the number of armature conduc- 
tors. 

The induced voltage £9 is called counter-elec- 
tromotive force (cemf) because its polarity usually 
acts “‘against’’ the source voltage E,. It acts against 
the voltage in the sense that the net voltage acting 
in the series circuit of Fig. 15-2 is equal to (LZ; - £9) 
volts and not (£, + £9) volts. 





Figure 15-2 Counter electromotive force (cemf) in a dc 
motor. 


15-2 Acceleration of the motor 


The net voltage acting in the armature circuit in 
Fig. 15-2 is (E, - Ho) volts. The resulting armature 
current J is limited only by the armature resistance 


R, and so 
I = (E,-Eo)/R (15-1) 

When the motor is at rest, the induced voltage 

Eo = 0, and the above equation becomes 
I = E,/R 

This means that at the moment we close the 
switch, the current is very high because the arma- 
ture resistance is always low. The starting current 
may be 20 to 30 times greater than the nominal 
full-load current of the motor. The large forces 
acting on the armature conductors produce a pow- 
erful starting torque and a consequent rapid accel- 
eration of the armature. 

As the speed increases, the counter-emf £'9 in- 
creases, with the result that the value of (E, - Eo) 
diminishes. It follows from Eq. 15-1 that the ar- 
mature current / drops progressively as the speed 
increases. 

Although the armature current decreases, the 
motor continues to accelerate until it reaches a 
definite, maximum speed. At no-load, this speed 
produces a counter-emf Fg slightly less than the 
source voltage E. In effect, if Eo were equal to Eg, 
the net voltage (E, - Eo) would become zero and 
so, too, would the current J. The driving forces 
would cease to act on the armature conductors, 
and the mechanical drag produced by the fan and 
the bearings would immediately cause the motor 
to slow down. As the speed decreases the net volt- 
age (FE, - Eo) increases, and so does the current J. 
The speed will cease to fall as soon as the torque 
developed by the armature current is equal to the 
dragging torque. Thus, when a motor runs at no- 
load, the counter-emf must be slightly less than E, 
so as to enable a small current to flow, sufficient 
to produce the required torque. 


Example 15-1: 

The armature of a permanent-magnet dc generator 

has a resistance of 1 92 and generates a voltage of 

50 V when the speed is 500 r/min. If the armature 

is connected to a source of 150 V, calculate: 

a. the starting current; 

b. the counter-emf when the motor runs at 
1000 r/min? at 1460 r/min? 


c. the armature current at 1000 r/min? 
at 1460 r/min? 


Solution: 


a. 





c.2 


At the moment of start-up, the armature is 
stationary, so E’g = 0 V (Fig. 15-3a). The ini- 
tial starting current is limited only by the ar- 
mature resistance: 

I = 150 V/1Q = 150A 


(a) 
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simple equations that enable us to calculate them: 


1. According to Eq. 14-1, the cemf induced in a 


lap-wound armature is 
Eo = Zn®/60 


by the armature current /: 
P, = El 





(b) (c) 


Figure 15-3 See Example 15-1. 


Because the generator voltage is 50 V at 
500 r/min, the cemf of the motor will be 
100 V at 1000r/min — and 146 V at 
1460 r/min. 
The net voltage in the armature circuit at 
1000 r/min is: 

E;-Fo = 150-100 = 50V 
The corresponding armature current is: 

I = (E,-£E )/R = 50/1 = 50A (Fig. 

15-3b) 


If the motor speed rises to 1460 r/min, the 
cemf will be 146 V, almost equal to the 
source voltage. Under these conditions, the 
armature current is only 4A and the motor 
torque is much smaller than before (Fig. 
15-3c). 


15-3 Mechanical power and torque 


The power and torque of a dc motor are two of its 
most important properties. We now derive two 


IR drop in the armature: 


E, = EqtIR (15-3) 
It follows that 
P, = El (15-4) 
= (Eo +IR)I 
= Eo[+I°R (15-4) 


The J*R term represents heat dissipated in the 
armature, but the extremely important Eo/ 
term is the electrical power that is converted 
into mechanical power. The mechanical power 
of the motor is therefore exactly equal to the 
product of the cemf multiplied by the armature 
current: 


P=Edl (15-5) 
where 
P = mechanical power of the motor [W] 
£9 = induced voltage in the armature (cemf) 
[V] 
I = total current supplied to the armature 
[A] 





Eq. 14-1 
The electrical power P. supplied to the arma- 
ture is equal to the supply voltage £, multiplied 


(15-2) 
However, E, is equal to the sum of Fg plus the 
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2. Turning our attention to torque 7, we know Equation 15-6 shows that we can double the 
that mechanical power P is given by the expres- torque of a motor either by doubling the cur- 
sion rent in the armature or by doubling the flux 

P = nT/9.55 Eq. 3-5 created by the poles. 


where 71 is the speed of rotation. 
Combining Eqs. 3-5, 14-1 and 15-5, we obtain Example 15.2: 





nT/9.55 = Eol The following details are given on a 225 kW (* 
= ZnobI/60 300 hp), 250 V, 1200 r/min dc motor (see Fig. 
Whence T = Z0//6.28 15-4 and 15-5): 
The torque developed by a lap-wound motor is armature coils 243 
therefore given by the expression turns per coil 1 
type of winding lap 
armature slots | 81 
T= £91/6.28 (15-6) commutator segments 243 
field poles 6 
where diameter of armature 559 mm 
T = torque [N-m] axial length of armature 235 mm 
Z = number of conductors on the arma- Calculate: 
ture a. the armature current; 
® = .effective flux per pole [Wb] * b. the number of conductors per slot; 
I = armature current [A] _ c. the flux per pole. 
6.28 = constant, to take care of units [exact 
value = 27] Solution: 
| a. 1 We can assume that the induced voltage F’ is 
* The effective flux is given by ® = 60 E,/Zn. nearly equal to the applied voltage (250 V). 





Figure 15-4 Bare armature and commutator of a de motor rated 225 kW, 250 V, 1200 r/min. The armature core has a 
diameter of 559 mm and an axial length of 235 mm. It is composed of 400 stacked laminations 0.56 mm 
thick. The armature has 81 slots and the commutator has 243 bars. (H. Roberge) 


a.2 The armature current is: 
I = P/E) = 225 000/250 
‘= QOOA 
b. 1 Each coil is made up of 2 conductors, so al- 
together there are 243 x 2 = 486 conductors 
on the armature. 
Conductors per slot = 486/81 = 6 
Coil sides per slot = 6 
c.1 Motor torque is: 
T 9.55 P/n 
9.55 x 225 000/1200 
1790 N-m 
c.2 The flux per pole is: 
@ 6.28 T/ZI 
(6.28 x 1790)/(486 x 900) 
25.7 mWb 


Eq. 3-5 


Eq. 15-6 


15-4 Speed of rotation 


When a de motor runs under norma/ conditions, 


(a) 


(c) 
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the JR drop due to armature resistance is always 
small compared to the supply voltage &.. This 
means that the counter-emf £ is very nearly equal 
to Es. 

On the other hand, we have already seen that 
Eg may be expressed by the equation 





Eo = Zn®/60 Eq. 14-1 
Replacing Fy by &,, we obtain 
E, = Zn®/60 
(approximately) (15-7) 
n = speed of rotation [r/min] 
FE, = armature voltage [V] 
Z = total number of armature conductors 


This important equation shows that motor 
speed is directly proportional to the armature sup- 
ply voltage, and inversely proportional to the flux 
per pole. 


(b) 


(d) 


Figure 15-5 Armature of Fig. 15-4 in the process of being wound: (a) Coil forming machine gives the coils the desired 
shape; (b) One of the 81 coils ready to be placed in the slots; (c) Connecting the coil ends to the commutator 
bars; (d) Commutator connections ready for brazing. (H. Roberge) 
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15-5 Armature speed control 


If the flux per pole ® is kept constant (permanent 
magnet field or field with fixed excitation), the 
speed depends only upon the armature voltage F's. 
By raising or lowering /,, the motor speed will rise 
and fall in proportion. 

In practice, we can vary £ by connecting the 
motor armature M to a variable-voltage dc genera- 
tor G (Fig. 15-6). The field excitation of the mo- 
tor is kept constant, but the generator excitation 
can be varied from zero to maximum, and even 
reversed. The generator output voltage EF can 


I, (variable) Pc 
—_——_—P 


generator field 





flows into the positive terminal. 

Let us now reduce FE, by reducing the generator 
excitation Bg. As soon as E, becomes less than £9, 
current J reverses. As a result, (a) the motor torque 
reverses and (b) the armature of the motor de/ivers 
power to generator G. In effect, the motor sudden- 
ly becomes a generator. The electric power which 
the motor now delivers to G is derived from the 
kinetic energy of the revolving armature and its 
connected load. As a result, the motor is suddenly 
forced to slow down. 

What happens to the power received by genera- 
tor G? Ina Ward-Leonard system, the generator is 


motor armature 





motor field 
(fixed) 


Figure 15-6 Ward-Leonard speed control system. 


therefore be varied from zero to maximum, with 
either positive or negative polarity. This enables 
the motor speed to be varied from zero to maxi- 
mum, in either direction. This method of speed 
control, known as the Ward-Leonard system, is 
employed in steel mills, high-rise elevators, mines, 
and paper mills. 


In modern installations, the generator is often 


replaced by a high-power electronic converter 
which changes the ac power of the electrical utility 
to dc, by electronic means. Such converters are 
discussed in Chapter 24. 

The Ward-Leonard system is more than just a 
simple way of applying a variable dc voltage to the 
armature of a dc motor. It actually forces the mo- 
tor to develop the torque and speed required by 
the load. 

For example, if £ is slightly higher than Eo, 
current flows in the direction given in Fig. 15-6, 
and the motor develops a positive torque. The ar- 
mature of the motor absorbs power because / 


always driven by an ac motor connected to the ac 
mains supply. When G receives electric power, it 
operates as a motor, driving its own ac motor as a 
generator!* The result is that ac power is fed back 
into the line that normally feeds the ac motor. The 
fact that power can be recovered this way makes 
the Ward-Leonard system very efficient, and con- 
stitutes another of its advantages. 


Example 15-3: 
A 2000 kW, 500 V, variable-speed motor is driven 
by a 2500 kW generator, using a Ward-Leonard 
control system shown in Fig. 15-6. The total resis- 
tance of the motor and generator armature circuit 
is 10 mQ.. The motor turns at a nominal speed of 
300 r/min, when £9 is 500 V. 
Calculate: 
a. the motor torque and speed when 

E,= 400 V and fy = 380 V; 


* This generator effect is explained in Sec. 18-16. 


b. the motor torque and speed when 
FE, = 350 V and Fy = 380 V. 


Solution: 
a.1 Armature current: 

I = (EF,-Fo)/R = (400 - 380)/0.01 
2000 A 
a. 2 Power to motor armature: 

P = Eol = 380x 2000 = 760 kW 
a.3 Motor speed: 

n = (380 V/500 V) x 300 = 228 r/min 
a.4 Motor torque: 


T = 9.55 P/n Eq. 3-5 
= (9.55 x 760 000)/228 
= 31.8kN 
b.1 Because F’5 = 380 V, the motor speed is still 
228 r/min. 


b. 2 Armature current: 
I = (380 - 350)/0.01 = 3000A 
The current flows in reverse; consequently, 
the motor torque also reverses. 
b. 3 Power delivered by the motor to the genera- 
tor and the 10 m2 resistance: 
P = Eol = 380 x 3000 = 1140 kW 
b.4 Braking torque developed by the motor: 
T = 9.55 P/n = (9.55 x 1 140 000)/228 
47.8 kN 
The speed of the motor and its connected 
load will rapidly drop under the influence of 
this electromechanical braking torque. 


Another way to change the voltage at the arma- 
ture terminals is to place a rheostat in series with 
the armature (Fig. 15-7). The current in the rheo- 
stat produces a voltage drop which subtracts from 
the fixed source voltage /., yielding a smaller sup- 
ply voltage across the armature. This method en- 
ables us to reduce the speed below its nominal 
speed. It is only recommended for small motors 
because a lot of power and heat is wasted in the 
rheostat, and the overall efficiency is low. Further- 
more, the speed regulation is poor, even for a fixed 
setting of the rheostat. In effect, the JR drop 
across the rheostat increases as the armature cur- 
rent increases. This produces a substantial drop in 
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armature 


rheostat 





Figure 15-7 Armature speed control using a rheostat. 


speed with increasing mechanical load. 
15-6 Field speed control 


Let us now keep the armature voltage 4, constant 
so that the numerator in Eq. 15-7, 


Z® 


is constant. Consequently, the motor speed now 
changes in inverse proportion to the flux ®: if we 
increase the flux, the speed will drop and vice 
versa. 

This second method of speed control is fre- 
quently used because it is simple and inexpensive. 
To control the flux (and hence, the speed), we 
connect a rheostat A; in series with the field (Fig. 


15-8a). 





field 
rheostat 


Figure 15-8 a. Schematic diagram of a shunt motor in- 
cluding the field rheostat. 
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Figure 15-8 a. Schematic diagram of a shunt motor including the field rheostat. 
b. Torque-speed and torque-current characteristic. 


To understand this method of speed control, let 
us suppose that the motor in Fig. 15-8a is initially 
running at constant speed. The counter-emf £’ is 
slightly less than the armature supply £,, owing to 
the JR drop in the armature. If we suddenly raise 
the resistance of the rheostat, both the exciting 
current J, and the flux ® will diminish. This imme- 
diately reduces the counter-emf /, causing the ar- 
mature current J to jump to a much higher value. 
The current changes dramatically because it de- 
pends upon the very small difference between E, 
and Ep. Despite the weaker field, the motor devel- 
ops a greater torque than before. It will accelerate 
until £5 is again almost equal to /,. Clearly, to de- 
velop the same £5 with a weaker flux, the motor 
must turn faster. We can therefore raise the motor 
speed above its nominal value by introducing a re- 
sistance in series with the field. For shunt-wound 
motors, this method of speed control enables high- 
speed/low-speed ratios as high as 3 to 1. Broader 
speed ranges tend to produce instability and poor 
commutation. 

Under certain abnormal conditions, the flux 
may drop to dangerously low values. For example, 
if the exciting current of a shunt motor is inter- 
rupted accidentally, the only flux remaining is that 
due to remanent magnetism in the poles.” This 
flux is so small that the motor has to spin at a dan- 


gerously high speed to induce the required cemf. 
Safety devices are introduced to prevent such run- 
away conditions. 


15-7 Shunt motor under load 


Consider a dc motor running at no-load. If a me- 
chanical load is suddenly applied to the shaft, the 
small no-load current does not produce enough 
torque to carry the load and the motor begins to 
slow down. This causes the cemf to diminish, re- 
sulting in a higher current and a corresponding 
higher torque. When the torque developed by the 
motor is exactly equal to the torque imposed by 
the mechanical load, then, and only then, will the 
speed remain constant (see Sec. 3-11). To sum up, 
as the mechanical load increases, the armature cur- 
rent rises and the speed drops. 

The speed of a shunt motor stays relatively 
constant from no-load to full-load. In small motors, 
it only drops by 10 to 15 percent when full load is 


* The term residual magnetism is also used. However, 
the IEEE Standard Dictionary of Electrical and Elec- 
tronic Terms states “’... If there are no air gaps... 
in the magnetic circuit, the remanent induction will 
equal the residual induction; if there are air gaps... 
the remanent induction will be less than the residual 
induction”. 


applied. In big machines, the drop is even less, 
owing, in part, to the very low armature resistance. 
By adjusting the field rheostat, the speed can, of 
course, be kept absolutely constant as the load 
changes. 

Typical torque-speed and torque-current cha- 
racteristics of a shunt motor are shown in Fig. 
15-8b. 


Example 15-4: 

A shunt motor rotating at 1500 r/min is fed by a 
120 V source. (Fig. 15-9a). The line current is 51 A 
and the shunt field resistance is 120 (2. If the ar- 
mature resistance is 0.1 (2, calculate: 

a. the current in the armature; 

b. the counter-emf; 

c. the mechanical power developed by the motor. 





(a) 
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c.3 Power dissipated in the armature: 
P = I’R = 50?x0.1 = 250W 
c.4 Mechanical power developed by the arma- 
ture: 
P = 6000 - 250 = 5750 W (equivalent 
to 5750/746 = 7.71 hp) 


The actual mechanical output is slightly 
less than 5750 W (7.71 hp) because some of 
the mechanical power is dissipated in bearing 
friction losses, in windage losses and in arma- 
ture iron losses. 


15-8 Series motor 


A series motor is identical in construction to a 
shunt motor except that the field is connected in 


1A 51A 





Figure 15-9 See Example 15-4. 


Solution: 
a. 1 Field current (Fig. 15-9b): 
I, = 120V/120Q =1A 
a.2 Armature current: 
I = 51-1= 50A 
b. 1 Armature voltage: 
E = 120V 
Voltage drop due to armature resistance: 
IR= 50x0.1 =5V 
b.2 cemf generated by the armature: 
Fo= 120-5 = 115V 
c.1 Power supplied to the motor: 
P = EI = 120x51 = 6120W 
c.2 Power absorbed by the armature: 
P = EI = 120x500 = 6000 W 


series with the armature and carries the full arma- 
ture current (Fig. 15-10a). The series field is com- 
posed of a few turns of wire having a cross section 
sufficiently large to carry the current. 





Figure 15-10 a. Series motor connection diagram. 
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Although the construction is similar, the prop- 
erties of a series motor are completely different 
from those of a shunt motor. In a shunt motor, 
the flux ® per pole is constant at all loads because 
the shunt field is connected to the line. In the 
series motor, the flux per pole depends upon the 
armature current, and hence upon the load. When 
the current is large, the flux is large and vice versa. 
Despite these differences, the same basic principles 
and equations apply to both machines. 


Figure 15-10 b. Schematic diagram of a series motor. 


——> / 


(b) 


When a series motor operates at normal load, 
the flux per pole is the same as that of a shunt mo- 
tor of identical power and speed. However, when 
the series motor starts up, the armature current is 
higher than normal, with the result that the flux 
per pole is also greater than normal. It follows that 
the starting torque of a series motor is consider- 
ably greater than that of a shunt motor. 
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On the other hand, if the load is less than nor- 
mal, the armature current and the flux per pole are 
smaller than normal. The weaker field causes the 
speed to rise, in the same way as it would for a 
shunt motor with a weak shunt field. For example, 
if the load current of a series motor drops to half 
its normal value, the flux diminishes almost by 
half and so the speed doubles. Obviously, if the 
load is small, the speed may rise to dangerously 
high values. For this reason, we never permit a se- 
ries motor to operate at no-load. It tends to run 
away, and the resulting centrifugal forces may tear 
the windings out of the armature and destroy the 
machine. 


15-9 Series motor speed control 


When a series motor carries a load, its speed may 
be increased by placing a low resistance in parallel 
with the field. The field current is then smaller 
than before, which produces a drop in flux and an 
increase in speed. 

Conversely, the speed may be lowered by con- 
necting an external resistor in series with the arma- 
ture and the field. The total JR drop across the re- 
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Figure 15-10 c. Typical torque-speed and torque-current characteristic of a series motor. 


sistor and field reduces the armature supply volt- 


age, and so the speed must fall. 
Typical torque-speed and torque-current char- 
acteristics are shown in Fig. 15-10c. 


15-10 Applications of the series motor 


Series motors are used on equipment requiring a 
high starting torque. They are also used to drive 
devices which must run at high speed at light loads. 
The series motor is particularly well adapted for 
traction purposes, such as in electric trains (Fig. 
15-11). Acceleration is rapid because the torque is 
high at low speeds. Furthermore, the series motor 
automatically slows down as the train goes up a 
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grade, yet turns at top speed on flat ground. The 
power of a series motor tends to be constant be- 


cause high torque is accompanied by low speed 
and vice versa. Series motors are also used in elec- 
tric cranes and hoists: light loads are lifted quickly 
and heavy loads more slowly. 


15-11 Compound motor 


A compound dc motor carries both a series field 
and a shunt field. In a cumulative compound mo- 
tor, the mmf of the two fields add. The shunt field 
is always stronger than the series field. If the series 


field is connected so that it opposes the shunt 
field, we obtain a d/fferential compound motor. 





Figure 15-11 Direct current series motors are often used to drive electric trains. (General Electric) 
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Figure 15-12 shows the connection and sche- 
matic diagrams of a compound motor. When the 
motor runs at no load, the current J in the series 
winding is low and the mmf of the series field is 
negligible. However, the shunt field is fully excited 
by current [, and so the motor behaves like a 
shunt machine: it does not tend to run away at no 
load. 





Figure 15-12 a. Connection diagram of a dc compound 
motor. 
b. Schematic diagram. 


As the load increases, the mmf of the series 
fiéld increases, but the shunt field strength remains 
constant. The total mmf (and the resulting flux 
per pole) is therefore greater under load than at 
no-load. The motor speed falls with increasing load 
and the speed drop from no-load to full-load is 
generally between 10 percent and 30 percent. 

In differential-compound motors, the series 
winding opposes the shunt winding; consequently, 
the total mmf decreases with increasing load. The 
speed rises as the load increases, and this usually 
leads to instability. The differential compound 
motor has very few applications. 

Figure 15-13 shows the typical torque-speed 


curves of shunt, compound and series motors 
having the same power and speed ratings. Figure 
15-14 shows a typical application of dc motors in 
a steel mill (see p. 274). 


15-12 Reversing the direction of rotation 


To reverse the direction of rotation of a dc motor, 
we must reverse the current in either (a) the arma- 
ture, or (b) both the shunt and series fields. 


15-13 Starting a shunt motor 


If we apply full voltage to a stationary shunt mo- 

tor, the starting current in the armature will be 

very high, and we run the risk of: 

a. burning out the armature; 

b. damaging the commutator and brushes, owing 
to heavy sparking; 

c. overloading the feeder; 

d. snapping off the shaft due to mechanical shock; 

e. damaging the driven equipment because of the 
sudden mechanical hammerblow. 


All dc motors must therefore be provided with 
means to limit the starting current to reasonable 
values, usually between 1.5 and twice full-load cur- 
rent. One solution is to simply connect a rheostat 
in series with the armature. The resistance is gradu- 


——> Speed n 
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Figure 15-13 Typical speed versus load characteristics of 
various dc motors. 


ally reduced as the motor accelerates and is even- 
tually eliminated entirely, when the machine has 
attained full speed. 

Today, we often employ electronic methods to 
limit the starting current and to provide speed con- 
trol (Chapter 24). 


15-14 Face-plate starter 


Figure 15-15 shows the schematic diagram of a 
manual face-plate starter for a shunt motor. Bare 
copper contacts are connected to resistors R,, Ro, 
R3 and R4. Conducting arm 1 sweeps across the 
contacts when it is pulled to the right by means of 
insulated handle 2. In the position shown, the arm 
touches dead copper contact M and the motor cir- 
cuit is open. As we draw the handle to the right, 
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tact, and so forth, until the arm finally touches the 
last contact. The arm is magnetically held in this 
position by a small electromagnet 4, which is in 
series with the shunt field. 

If the supply voltage is suddenly interrupted, or 
if the field excitation should accidentally be cut, 
the electromagnet releases the arm, allowing it to 
return to its dead position, under the pull of spring 
3. This safety feature prevents the motor from 
starting by itself when the supply voltage is re- 
established. 


15-15 Stopping a motor 
One is inclined to believe that stopping a dc motor 


is a simple, almost trivial, operation. Unfortunate- 
ly, this is not always true. When a large dc motor 
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Figure 15-15 Manual face-plate starter for a shunt motor. 


the conducting arm first touches fixed contact N. 
The supply voltage E immediately causes full 
field current J, to flow, but the armature current [ 
is limited by the four resistors in the starter box. 
The motor begins to turn and, as the cemf builds 
up, the armature current gradually falls. When the 
motor speed ceases to rise any more, we pull the 
arm to the next contact, thereby removing resis- 
tor R, from the armature circuit. The current im- 
mediately jumps to a higher value and the motor 
quickly accelerates to the next higher speed. When 
the speed is again stable, we move to the next con- 


is coupled to a heavy inertia load, it may take an 
hour or more for the system to come to a halt. For 
many reasons, such a lengthy deceleration time is 
often unacceptable and, under these circum- 
stances, we must apply a braking torque to ensure 
a rapid stop. One way to brake the motor is by 
simple mechanical friction, in the same way we 
stop a car. A more elegant method consists of cir- 
culating a reverse current in the armature, so as to 
brake the motor electrically. Two methods are em- 
ployed to create such an electromechanical brake: 
(a) dynamic braking and (b) plugging. 
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15-16 Dynamic braking 


Consider a shunt motor whose field is directly con- 
nected to a source £, and whose armature is con- 
nected to the same source by means of a switch. 
The direction of the armature current J, and the 
polarity of the cemf Eg are shown in Fig. 15-16a. 
Neglecting the armature JR drop, Eg is equal to E's. 








sequently, the braking torque becomes smaller and 
smaller, finally becoming zero when the armature 
ceases to turn. The speed drops quickly at first and 
then more slowly, as the armature comes to a halt. 
To illustrate the usefulness of dynamic braking, 
Fig. 15-18 compares the speed-time curves for a 
motor equipped with dynamic braking and one 
which simply coasts to a stop. The speed decreases 





Figure 15-16 a. Armature connected to dc source Ey, b. Armature on open circuit generating a voltage £’,. c. Dynamic 


braking. 


If we suddenly open the switch (Fig. 15-16b), 
the motor continues to turn, but its speed will 
gradually drop owing to friction and windage 
losses. On the other hand, because the shunt field 
is still excited, induced voltage £9 continues to 
exist, falling at the same rate as the speed. In es- 
sence, the motor is now a generator whose arma- 
ture is on open-circuit. 

Let us close the switch so that the armature is 
suddenly connected to an external resistor R (Fig. 
15-16c). Voltage Eg will immediately produce an 
armature current /,. However, this current flows in 
the opposite direction to the original current I;. 
It follows that a reverse torque is developed whose 
magnitude depends upon J/>. The reverse torque 
brings the machine to a rapid, but very smooth 
stop. In practice, resistor R is chosen so that the 
initial braking current is about twice the rated mo- 
tor current. The initial braking torque is then 
twice the normal torque of the motor. 

As the motor slows down, the gradual decrease 
in Eo produces a corresponding decrease in J. Con- 


exponentially, like the voltage across a discharging 
capacitor. Consequently, the speed decreases by 
half in equal intervals of time. 


15-17 Plugging 


We can stop the motor even more rapidly by using 
a method called plugging. |t consists of suddenly 
reversing the current in the armature by reversing 
the terminals of the source (Fig. 15-17). 

Under normal motor conditions, armature cur- 
rent J, is given by 

I, = (BE, - Eo)/Ro 

where Rg is the armature resistance. If we sudden- 
ly reverse the terminals of the source, the net volt- 
age acting on the armature circuit becomes (Lo + 
Ej). The so-called ‘‘counter’’ emf of the armature 
is no longer counter to anything, but actually adds 
to the supply voltage EF. This net voltage would 
Produce an enormous reverse current, perhaps 50 
times greater than full-load armature current. This 
current would initiate an arc all around the com- 


mutator, destroying segments, brushes and sup- 
ports, even before the line circuit-breakers could 
open. 

To prevent such a catastrophe, we must limit 
the reverse current by introducing a resistor R in 
series with the reversing circuit (Fig. 15-17b). Like 
in dynamic braking, the resistor is designed to 
limit the initial braking current /, to about twice 





(a) 


Figure 15-17 a. Armature connected to dc source E's. 


full-load current. With this arrangement, a reverse 
torque is developed even when the armature has 
come to a stop. In effect, at zero speed, Hy = O, 
but J, = E£,/R, which is about one-half its initial 
value. As soon as the motor stops, we immediately 
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open the armature circuit, otherwise it will begin 
to run in reverse. Circuit interruption is usually ef- 
fected by an automatic null-speed device, mounted 
on the motor shaft. 

The curves of Fig. 15-18 enable us to compare 
plugging and dynamic braking for the same initial 
braking current. Note that plugging stops the mo- 
tor completely after an interval 2 T>. On the other 





(b) 


b. Plugging. 


hand, if dynamic braking is used, the speed is still 
25 percent of its original value at this time. Never- 
theless, the comparative simplicity of dynamic 
braking renders it more popular in most applica- 
tions. 
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Figure 15-18 Speed versus time for various braking methods. 
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Figure 15-14 Hot strip finishing mill, composed of 6 stands each driven by a 2500 kW dc motor. The wide steel strip is 
delivered to the runout table (left foreground) driven by 161 dc motors rated 3 kW. (General Electric) 


15-18 Dynamic braking 
and mechanical time constant 


We mentioned that the speed decreases exponen- 
tially with time when a dc motor is stopped by 
dynamic braking. We can therefore speak of a me- 
chanical time constant T in much the same way we 
speak of the electrical time constant of a dis- 
charging capacitor. 

In essence, 7’ is the time it takes for the speed 
of the motor to fall to 36.8 percent of its initial 
value. However, it is much easier to draw the 
speed-time curves by defining a time constant To 
which is the time for the speed to decrease to 50 
percent of its original value. There is a direct math- 
ematical relationship between the conventional 
time constant 7 and the “‘half”’ time constant 79: 


To = 0.693 T (15-8) 


We can prove that this mechanical time con- 
stant is given by: 


2 
oid (15-9) 





~ 131.5 P; 


T= time for the motor speed to fall to 
one-half its previous value [s] 


J = moment of inertia of the rotating 
parts, referred to the motor shaft 
[kg-m7] 


n,= initial speed of the motor when 
braking starts [r/min] 
P, = initial power delivered by the motor to 
the braking resistor [W] 
131.5 = aconstant [exact value = 
(30/7)*/loge2] 
0.693 = aconstant [exact value = loge2] 


This equation is based upon the assumption 
that the braking effect is entirely produced by the 
energy dissipated in the braking resistor. If, in ad- 
dition, the motor is subjected to an extra braking 
torque due to its load the braking time will be 
shorter than that indicated by Eq. 15-9. 


Example 15-5: 


A 225 kW (* 300 hp), 250 V, 1200 r/min de mo- 


tor has windage, friction, and iron losses of 8 kW. 


It drives a large flywheel and the total moment of 

inertia of the flywheel and armature is 177 kg-m?. 

The motor is connected to a 210 V dc source, and 

its speed is 1280 r/min just before the armature is 

switched across a braking resistor of 0.2 92. Calcu- 

late: 

a. the mechanical time constant 7 of the braking 
system; 

b. the time for the motor speed to drop to 
20 r/min; 

c. the time for the motor speed to drop to 
20 r/min, if the only braking force is that due 
to the windage, friction and iron losses. 


Solution: 

a.1 We note that the armature voltage is 210 V 
and the speed is 1280 r/min. The higher- 
than-normal speed is due to the setting of 
the field rheostat. 

a.2 When the armature is switched to the 
braking resistor, the induced voltage is still 
very close to 210 V. The initial power deliv- 
ered to the resistor is: 

P,= E?/R = 210°/0.2 = 220500 W 


a9 Toe da HIB SPs Eq. 15-9 
= (177 x 12807)/(131.5 x 220 500) 
= 10s 
b. 1 The motor speed drops by 50 percent every 
10s. The speed versus time curve follows the 
sequence given below: 


speed 1280 640 320 160 80 40 20 r/min 
time 0 10 20 30 40 50 60s 


c.1 The initial windage, friction and iron losses 
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are about 8 kW. These losses do not vary in 
exactly the same way as do the losses in a 
braking resistor. However, the behavior is 
comparable, which enables us to make a 
rough estimate of the braking time. We have: 
n,= 1280, P,= 8000 
To= dnf/(131.5P;) 
= (177 x 1280°)/(131.5 x 8000) 
= 276s 
c.2 The stopping time increases in proportion to 
the time constant. Consequently, the time to 
reach 20 r/min is approximately : 
t = (276/10) x 60 = 1656s 
~ 28 min 
Theoretically, a motor which is dynamically 
braked never comes to a complete stop. In prac- 
tice, however, we can assume that the machine 
stops after an interval equal to 5 T seconds. 


On the other hand, if the motor is plugged, the 
stopping time has a definite value given by 


t, = 2T> (15-10) 


where 
t, = stopping time [s] 
To = time as given in Eq. 15-9 [s] 


Example 15-6: 

The motor in Example 15-5 is plugged, and the 
braking resistor is increased to 0.4 92, so that the 
initial braking current is the same as before. Calcu- 
late: 

a. the initial braking current and braking power; 
b. the stopping time. 


Solution: | 

a. 1 The net voltage acting across the resistor is: 
B= Eot Ff, = 210+ 210 = 420 V 

a. 2. The initial braking current is: 
I, = E/R = 420/0.4 = 1050A 

a.3. The initial braking power ts: 
P, = Eoly = 210x 1050 = 220.5 kW 

a.4 TJ therefore has the same value as before: 
10s 

b. tj = 27) = 20s 
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15-19 Armature reaction 


Up till now, we have assumed that the only mmf 
acting in a dc machine is that due to the field. 
However, the current flowing in the armature con- 
ductors also creates a magnetomotive force that 
distorts and weakens the flux coming from the 
poles. This distortion and field weakening takes 
place in both motors and generators. The magnetic 
action of the armature mmf is called armature 
reaction. 


15-20 Direction of current flow in the armature 


To understand armature reaction, we must first 
establish the direction of current flow in the arma- 
ture conductors immediately under the field poles. 

Consider, for example, the conductors situated 
under the N pole of a motor which is turning 
Clockwise (Fig. 15-19). The cw rotation is obvious- 
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Figure 15-19 Armature currents under a N pole (motor). 


ly due to forces which act towards the right on 
each conductor. Based upon the principles ex- 
plained in Sec. 2-26, the currents must flow out of 
the page, towards the reader. For the same reason, 





Figure 15-20 Armature currents under a N pole (genera- 
tor). 


the currents in the conductors under the S pole 
must flow in the opposite direction, into the page. 

Now, consider the armature currents under the 
N pole of a generator which is also turning clock- 
wise (Fig. 15-20). Clearly, the force on the con- 
ductors opposes the motion because we have to 


exert a torque to drive the machine. The conduc: 
tor force tends to rotate the armature counter- 
clockwise and so the current under the N pole 
must flow into the page, away from the reader. 


15-21 Flux distortion due to armature reaction 


When a motor runs at no-load, the small current 
flowing in the armature does not appreciably af- 
fect the flux ©, coming from the poles (Fig. 
15-21). But when the armature carries its normal 
current, it produces a strong magnetomotive force 
which, if it acted alone, would create a flux ®, 
(Fig. 15-22). By superimposing ®, and ®,, we ob- 
tain the resulting flux ®3 (Fig. 15-23). In our ex- 
ample, the flux density increases under the left of 
the pole while it decreases under the right half. 
This unequal distribution produces two important 
effects. First, the neutral zone shifts towards the 
left (against the direction of rotation). Second, 
owing to the higher flux density in pole tip A, sat- 
uration sets in. Consequently, the increase of flux 
under the left-hand side of the pole is less than the 
decrease under the right-hand side. Flux ®; at full- 
load is therefore slightly less than flux ®, at no- 
load. For large machines, the decrease in flux may 
be as much as 10 percent and it causes the speed 
to increase with load. Such a condition tends to be 
unstable; to eliminate the problem, we sometimes 
add a series field of one or two turns to strengthen 
the shunt field. Such motors are said to have a 
Stabilized-shunt winding. 

Owing to the shift in the neutral zone, we must 
move the brushes to ensure good commutation. 
For a motor, the brushes are shifted to the new 
neutral zone by moving them against the direction 
of rotation. For generators, the brushes are shifted 
with the direction of rotation. 

As soon as the brushes are moved, the commu- 
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Figure 15-21 Flux distribution in a motor running at no- 
load. 





Figure 15-22 Flux created by the full-load armature cur- 
rent. | 





Figure 15-23 Resulting flux distribution in a motor 
running at full load. 


tation improves. However, if the load fluctuates, 
the armature mmf rises and falls and the neutral 
zone oscillates between the no-load and full-load 
positions. We must therefore move the brushes 
continually to obtain sparkless commutation. This 
procedure is not practical when the load current 
varies frequently and suddenly. For small motors, 
the brushes are set in an intermediate position, to 
produce acceptable commutation at all loads. 
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15-22 Commutating poles 


To counter the effect of armature reaction, we 
usually place a set of commutating poles between 
the main poles of a de machine (Fig. 15-24).* 
These narrow poles develop a magnetomotive 
force equal and opposite to the mmf of the arma- 
ture. The commutating-pole windings are con- 
nected in series with the armature so that the re- 
spective magnetomotive forces rise and fall togeth- 
er as the load current varies. By nullifying the ar- 
mature mmf in this way, we no longer have to 
shift the brushes. 

Figure 15-25 shows how the commutating poles 
of a two-pole motor are connected. Clearly, the 
mmf of the commutating poles acts opposite to 
the mmf of the armature and therefore neutralizes 


* Commutating poles are sometimes called interpoles. 





Figure 15-24 The narrow commutating poles are placed 
between the main poles of this 6-pole 
motor. 
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its effect. However, the neutralization is restricted 
to the narrow zone where commutation takes 
place. The distorted flux distribution under the 
pole face unfortunately remains the same. 





Figure 15-25 Commutating pole connections for a dc 
motor turning clockwise. 


15-23 Compensating winding 


Some dc motors in the 100kW to 10 MW, (* 
134 hp to 13400 hp) range employed in steel 
mills, perform a series of rapid, heavy-duty opera- 
tions. They accelerate, decelerate, stop, reverse, all 
in a matter of seconds. The corresponding arma- 
ture current increases, decreases, reverses in step- 
wise fashion, producing very sudden changes in ar- 
mature reaction. 

For such motors, the commutating poles and 
series stabilizing windings do not adequately neu- 
tralize the armature mmf. Torque and speed con- 
trol is difficult under such transient conditions 
and flash-overs may occur across the commutator. 
To eliminate this problem, additional compen- 
sating windings are connected in series with the 
armature. They are distributed in slots, cut into 
the pole faces of the main field poles (Fig. 15-26). 
Like commutating poles, these windings produce a 
mmf equal and opposite to the mmf of the arma- 
ture. However, because the windings are distrib- 


uted across the pole faces, the armature mmf is 

bucked from point to point, which eliminates the 

field distortion shown in Fig. 15-23. With compen- 
sating windings, the field distribution remains es- 
sentially undisturbed from no-load to full-load, 

retaining the genera) shape shown in Fig. 15-21. 
The addition of compensating windings has a 

profound effect on the design and performance of 

adc motor; 

1. A shorter air gap can be used because we no 
longer have to worry about the demagnetizing 
effect of the armature. A shorter gap means 
that the shunt field strength can be reduced, 
and hence the size of the coils. 

2. Fewer turns can be placed on the commutating 
poles, because most of the required mmf is now 
developed by the compensating winding. 

3. The inductance of the armature circuit is re- 
duced by a factor of 4 or 5; consequently, the 
armature current can change more quickly and 
the motor gives a much better response. This is 
particularly true in big machines. 

4. A motor equipped with compensating windings 
can briefly develop 3 to 4 times its rated torque. 
The torque of an uncompensated motor tends 
to reach a limit when the armature current is 
large. The reason is that the effective flux in the 
air gap falls off rapidly with increasing current. 


We conclude that compensating windings are es- 
sential in large motors subjected to severe duty. 


QUESTIONS AND PROBLEMS 
Practical level 


15-1 Name three types of dc motors and make a 
sketch of the connections. 

15-2 Explain what is meant by the generator ef- 
fect in a motor. 

15-3 What determines the magnitude and polarity 
of the counter emf in a dc motor? 
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Figure 15-26 Six-pole dc motor having a compensating winding distributed in slots in the main poles. The machine also 
has 6 commutating poles. (General Electric Company, USA) 


15-4 


15-5 


15-6 


15-7 
15-8 


15-9 


The counter-emf of a motor is always slight- 
ly less than the applied armature voltage. Ex- 
plain. 

Name some of the methods used to vary the 
speed of a dc motor. 

Explain why the armature current of a shunt 
motor decreases as the motor accelerates. 
Why is a starting resistor needed? 

Show how we can reverse the direction of 
rotation of a compound motor. 

A 230 V shunt motor has a nominal arma- 


ture current of 60A. If the armature resis- 

tance is 0.15 Q, calculate: 

a. the counter-emf [V]; 

b. the power supplied to the armature [W] ; 

c. the mechanical power developed by the 
motor, [kW] and [hp]. 


15-10 a. In Problem 15-9, calculate the initial 


starting current if the motor is directly 
connected across the 230 V line; 
b. Calculate the value of the starting resis- 


tor needed, to limit the initial current to 
115A. 
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Intermediate level 


15-11 The compound motor of Fig. 15-12 has 
1200 turns on the shunt winding and 25 
turns on the series winding, per pole. The 
shunt field has a total resistance of 115 Q, 
and the nominal armature current is 23 A. If 
the motor is connected to a 230 V line, cal- 
culate: 

a. the mmf per pole at full load: 

b. the mmf at no-load. 

15-12 A separately excited dc motor turns at 
1200 r/min when the armature is connected 
to a 115 V source. Calculate the armature 
voltage we must apply so that the motor 
runs at 1500 r/min? 100 r/min? 

15-13 The following details are known about a 
250 hp, 230 V, 435 r/min de shunt motor: 
nominal full-load current - 862 A 
insulation class - H 
weight - 3400 kg 
external diameter of the frame -915 mm 
length of frame - 1260 mm 
a. Calculate the total losses and efficiency at 

full load. 

b. Calculate the approximate exciting cur- 
rent if the shunt field produces 20% of 
the total losses. | 

c. Calculate the value of the armature resis- 
tance, as well as the counter-emf, know- 
ing that 50% of the total losses at full 
load are due to armature resistance. 

d. If we wish to attain a speed of 1100 r/min, 
what should be the approximate exciting 
current? 


15-14 We wish tostop a 120 hp, 240 V, 400 r/min 
motor by using the dynamic braking circuit 
shown in Fig. 15-16. If the nominal arma- 
ture current is 400 A, calculate: 

a. the value of the braking resistor R if we 
want to limit the maximum braking cur- 
rent to 125% of its nominal value; 

b. the braking power [kW], when the motor 
turns at 200 r/min? 50 r/min? O r/min? 


15-15 a. The motor in Problem 15-14 is now 
stopped by using the plugging circuit of 
Fig. 15-17. Calculate the new braking 
resistor R so that the maximum braking 
current is 500 A. 

b. Calculate the braking power [kW] when 
the motor turns at 200 r/min? 50 r/min? 
0 r/min? 

c. Compare the braking power developed, 
at 200 r/min to the instantaneous power 
dissipated in resistor R. 


Advanced Ievel 


15-16 The armature of a 225kW, 1200 r/min 
motor has a diameter of 559mm and an 
axial length of 235 mm. Calculate: 

a. the approximate moment of _ inertia, 
knowing that iron has a density of 
7900 kg/m?; 

b. the kinetic energy of the armature alone 
when it turns at 1200 r/min: 

c. the total kinetic energy of the revolving 
parts at a speed of 600 r/min, if the J of 
the windings and commutator is equal to 
the J calculated in (a). 

15-17 If we reduce the exciting current of a prac- 
tical shunt motor by 50%, the speed in- 
creases, but it never doubles. Explain. 

15-18 The speed of a series motor drops with 
rising temperature, while that of a shunt 
motor increases. Explain. 

15-19 In Problems 15-14 and 15-15 calculate the 
respective braking torques [ft-lb] devel- 
oped when the motor turns at 400 r/min? 
at O r/min? 

15-20 A wide paper sheet’ coming off a mill is 
rolled up on a cylinder. The diameter of the 
roll increases gradually from 300mm to 
1000 mm. The paper is delivered at a uni- 
form rate and at constant tension. The driv- 
ing motor develops 50kW at 600r/min 
when the roll is begun. Calculate the power 
and speed required when the roll is finished. 


Id 


EFFICIENCY 
AND HEATING 
OF ELECTRICAL 
MACHINES 


Whenever a machine transforms energy from one 
form to another, there is always a certain loss. The 
loss takes place in the machine itself, causing (a) 
an increase in temperature and (b) a reduction in 
efficiency. 

In this chapter, we analyse the losses in dc ma- 
chines, but the same losses are also found in most 
machines operating on alternating current. The 
study of power losses is important because it gives 
us a clue as to how they may be reduced. 

Electrical machines may be divided into two 
groups: those which have revolving parts (motors, 
generators, etc.) and those which do not (trans- 
formers, reactors, etc.). Electrical and mechanical 
losses are produced in rotating machines, while 
only electrical losses are produced in stationary 
machines. 


16-1 Mechanical losses 


Mechanical losses are due to bearing friction, brush 
friction and windage. The friction losses depend 
upon the speed of the machine, and upon the 
design of the bearings, brushes, commutator, and 


slip rings. Windage losses depend on the speed and 
design of the cooling fan, and on the turbulence 
produced by the revolving parts. In the absence of 
prior information, we usually conduct tests on the 
machine itself to determine the value of these me- 
chanical losses. 


16-2 Electrical losses 


Electrical losses are composed of: 

(1) conductor I’?R losses (sometimes called cop- 
per losses); 

(2) brush losses; 

(3) iron losses. 


1. Conductor losses. In dc motors and gener- 
ators, copper losses occur in the armature, the 
series field, the shunt field, the commutating 
poles, and the compensating winding. These 
I?R losses show up as heat, causing the conduc- 
tor temperatures to rise above ambient temper- 
ature. 

Instead of using the /*R equation, we some- 
times prefer to express the losses in terms of the 
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number of watts per kilogram of conductor mate- 
rial. The losses are then given by: 


P. = 1000 /*p/¢ (16-1) 


P,. = conductor loss [W/kg] 

J = current density [A/mm7] 
resistivity of conductor [nQ2-m] 
¢ = density of conductor [kg/m?] 

1000 constant, to take care of units 


&S 
| 


According to this equation, the loss per unit 
mass is proportional to the square of the current 
density. For copper conductors, we use densities 
between 1.5 A/mm? and 6A/mm?. The corre- 
sponding losses vary from 5 W/kg to 90 W/kg (Fig. 
16-1). The higher densities require an efficient 
cooling system to prevent an excessive tempera- 
ture rise. 


9.6 W/kg 


11cm 





copper conductor 


Figure 16-1 Copper losses may be expressed in W/kg. 


2. Brush losses. The J*R losses in the brushes are 
negligible because the current density is only 
about 0.1 A/mrn* which is far less than that used 
in copper. However, the voltage contact drop be- 
tween the brushes and commutator may produce 
significant losses. The drop varies from 0.8 V to 
' 1.3 V, depending on the type of brush, the applied 
pressure and the brush current (Fig. 16-2). 


3. Iron losses. Iron losses are produced in the ar- 
mature of adc machine. They are due to hysterisis 
and eddy currents, as previously explained in Sec. 
6-7 and 6-10. Iron losses depend upon the flux 


density, the speed of rotation, the quality of the 
steel and the size of the armature. They typically 
range from 0.5 W/kg to 20 W/kg. The higher values 
occur in the armature teeth, where the flux densi- 
ty may be as high as 1.7 T. The losses in the arma- 






voltage drop 
0.8 to 1.3V 


Figure 16-2 Brush contact voltage drop. 


ture core are usually much lower. The losses can 
be further reduced by annealing the steel (Fig. 
16-3). Some iron losses are also produced in the 
pole faces. They are due to flux pulsations created 
as successive armature teeth and slots sweep across 
the pole face. 

Strange as it may seem, iron losses impose a me- 
chanical drag on the armature, producing the same 
effect as mechanical friction. 


Example 16-1: 

A dc machine turning at 875 r/min carries an ar- 

mature winding whose total weight is 40 kg. The 

current density is 5 A/mm? and the operating tem- 

perature is 80°C. The total iron losses amount to 

1100 W. Calculate: 

a. the copper losses; 

b. the mechanical drag [N-m] due to the iron 
losses. 


Solution: 
a.1 The resistivity of copper at 80°C is: 
P = Po (1+atr) Eq. 5-2 
15.88 (1 + 0.004 27 x 80) Table 5B 
21.3 nQQ-m 
a.2 The density of copper is: 
8890 kg/m? 


Table 5B 
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Figure 16-3 This 150 kW electric oven is used to anneal punched steel laminations. This industrial process, carried out in 
a controlled atmosphere of 800°C, significantly reduces the iron losses. The laminations are seen as they leave 


the oven. (General Electric) 


a.3 P.= 1000/7%o/ 
1000 x 5? x 21.3/8890 
= 60 W/kg 
a.4 Total copper loss is: 
P = 60x40 = 2400 W 
b. The braking torque due to iron losses can be 
calculated from: 
P = nT/9.55 
1100 = 875 7/9.55 
T = 12N-m (* 8.85 ft-lb) 


Eq. 16-1 


Eq. 2-5 


16-3 Losses as a function of load 


A dc motor running at no-load develops no useful 
power. However, it must absorb some power to 
continue to rotate. This no-load power overcomes 
the friction, windage, and iron losses, and provides 
for the copper losses in the shunt field. The I’R 
losses in the armature, series field and commu- 
tating field are negligible because the no-load cur- 
rent is seldom more than 10% of the nominal full- 
load current. 


As we load the machine (mechanically, if it is a 
motor, electrically if it is a generator), the current 
increases in the armature circuit. Consequently, 
the J?R losses in the armature circuit. will rise. On 
the other hand, the no-load losses, mentioned 
above, remain essentially constant as the load in- 
creases, unless the speed of the machine changes 
appreciably. It follows that the total losses in- 
crease with load. Because they are converted into 
heat, the temperature of the machine rises progres- 
sively as the load increases. 

However, the temperature must not exceed the 
limiting temperature, corresponding to the insula- 
tion used in the machine. Consequently, there is a 
limit to the power which the machine may deliver. 
This temperature-limited power enables us to es- 
tablish the nominal or rated power of the machine. 
A machine loaded beyond its nominal rating will 
usually overheat. The insulation deteriorates more 
rapidly, which inevitably shortens the service life. 

If a machine runs /ntermittently, it can carry 
heavy overloads without overheating, provided 
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that the operating time is short. Thus, a motor 
having a nominal rating of 10 kW can easily carry a 
load of 15 kW, if it only operates a few minutes 
per hour. However, for higher loads, the capacity 
is limited by other factors, usually electrical. For 
instance, it is physically impossible for a 10 kW 
machine to yield an output of 100 kW. 

Rotating machines are usually cooled by an in- 
ternal fan mounted on the motor shaft. It draws in 
cool air from the surroundings, blows it over the 
windings, and expels it again through suitable 
vents. In hostile environments, special cooling 
methods are sometimes used, as illustrated in Fig. 
16-4. 


16-4 Efficiency curve 


The efficiency of a machine is the ratio of the use- 
ful output power Po to the input power P; (Sec. 
3-7). Furthermore, input power is equal to useful 
power plus the losses o. We therefore have: 





Figure 16-4 


Totally enclosed, water-cooled, 450 kW, 
3600 r/min motor for use in a hostile environ- 
ment. Warm air inside the machine is blown up- 
wards and through a water-cooled heat ex- 
changer, situated immediately above the Wes- 
tinghouse nameplate. After releasing its heat to 
a set of water-cooled pipes, the cool air re- 
enters the machine by way of two rectangular 
pipes leading into the end bells. The cooling air 
therefore moves in a closed circuit, and the sur- 
rounding contaminated atmosphere never 
reaches the motor windings. The circular 
capped pipes located diagonally on the heat ex- 
changer serve as cooling-water inlet and outlet 
respectively. (Westinghouse) 


where 

7 = efficiency [%] 

Po = output power [W] 

P; = input power [W] 

p = losses [W] 

The next example shows how to calculate the 
efficiency of a dc machine. 


Example 16-2: 

A dc compound motor having a rating of 10 kW, 
1150 r/min, 230 V, 50 A, has the following losses 
at full load: 


bearing friction loss = 40W 
brush friction loss = bOW 
windage loss = 200 W 
(1) total mechanical losses = 290 W 
(2) iron losses = 420 W 
(3) copper loss in the shunt field = 120 W 
copper loss: 
a. in the armature = 500 W 
b. in the series field = 25W 
c. in the commutating winding = 70W 
(4) total copper loss 
in the armature circuit = 595 W 
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Calculate the losses and efficiency at no-load 
and at 25, 50, 75, 100 and 150 percent of the 
nominal rating of the machine. Draw a graph 
showing efficiency as a function of mechanical 
load (neglect the losses due to brush contact drop). 


Solution: 
No-load. The no-load losses are equal to the sum 
of the mechanical losses (1), the iron losses (2), 
and the shunt field losses (3): 

no-load losses = 290+ 420+120 = 830W 


Useful power developed by the motor at 25% 
load: 
Py = 10 kW x (1/4) = 2500 W (+ 3.35 hp) 
power supplied to the motor: 
P; 2500 + 867 = 3367 W 
N (Po/Pi) x 100 
(2500/3367) x 100 = 74% 
In the same way, we can find the losses at 50, 
75, 100 and 150 percent of the nominal load: 


Eq. 16-2 


At 50% load, the losses are (1/2)? x 595 + 830 


The losses remain more or less constant as the load = 980W 
varies. The copper losses in the armature circuit At 75% load, the losses are (3/4)? x 595 + 830 
are negligible at no-load. = 1165 W 
The efficiency is zero because no useful power At 100 %load, the losses are 595 + 830 
is developed by the motor. = 1425 W 
At 150% load, the losses are (3/2)” x 595 + 830 
25% load. When the motor is loaded to 25% of its = 2170W | 


nominal rating, the armature current is approxi- 
mately 25% (or 1/4) of its full-load value. Because 
the copper losses vary as the square of the current, 
we have: | 

copper losses in the armature circuit 

= (1/4)?x 595 = 37W 
no-load losses = 830 W 
total losses = 37+ 830 = 867 W 


I 


The efficiency calculations for the various loads 
are listed in Table 16A and the results are shown 
graphically in Fig. 16-5. It is important to remem- 
ber that at light loads the efficiency of any motor 
is poor. Consequently, we always try to select a 
motor having a power rating roughly equal to the 
load it has to drive. 





TABLE 16A LOSSES AND EFFICIENCY OF A DC MOTOR 
en er an 
Total Output Input 
Load Losses Power Po Power P; Efficiency 
[%] [Ww] [Ww] [W] [%] 
eg a 
0 830 0 830 0 
25 867 2 500 3 367 74 
50 980 5 000 5 980 83.6 
75 1 165 7 500 8 665 86.5 
100 1 425 10 000 11 425 87.5 
150 2170 15 000 17 170 87.4 
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We can prove that the efficiency of any dc ma- 
chine reaches a maximum at that load where the 
armature circuit copper losses are equal to the no- 
load losses. In our example, this corresponds to a 
total loss of 1660 W, an output of 11 800W 
(15.8 hp) and an efficiency of 87.67 percent. The 
reader may wish to check these results. 
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16-6 Limiting ambient temperature 
and hot-spot temperature rise 


We saw in Sec. 4-7 that insulators are classified 
according to the maximum temperature they can 
tolerate. Thus, class B insulation has a reasonable 
life expectancy, provided its temperature does not 


Losses 


———» mechanical power 


Figure 16-5 Losses and efficiency as a function of mechanical power. See Example 16-2. 


16-5 Temperature rise 


The temperature rise of a machine is the difference 
between the temperature of its warmest accessible 
part and the ambient temperature. It may be mea- 
sured by simply taking the difference of two ther- 
mometer readings. However, owing to the practical 
difficulty of placing a thermometer close to the 
really warmest spot inside the machine, this meth- 
od is seldom used. We usually rely upon more so- 
phisticated methods, described in the following 
sections. 

Temperature rise has a direct bearing on the 
power rating of a machine or device. Consequently, 
it is a very important quantity. 


exceed 130°C. 

Standards organizations have also established a 
maximum ambient temperature, which is usually 
40°C. This limiting temperature was established 
for the following reasons: 

1. It enables electrical manufacturers to foresee 
the worst ambient temperature conditions 
which their machines are likely to encounter. 
Consequently, 

2. it enables them to standardize the size of their 
machines and to give performance quarantees. 
The temperature of a machine varies from point 

to point, but there are places where the tempera- 

ture is warmer than anywhere else. This so-called 
hottest-spot temperature must not exceed the tem- 
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Class H 
180°C 
oe 
f 
Class F / 
155°C o/s 165°C 
— 7 
F, ff 
Class B / 
Fi 145°C 
130°C 36/7 / 
r d 
Class A / 
// 120°C 
105°C if 
G) / 
@) 6 temperature 
oe rise by the 
resistance method 
105°C 
40°C 
GB) 40°C 
limiting ambient temperature” 
Figure 16-6 


Typical temperature limits of some de and ac industrial machines, according to the insulation class: 
(1) shows the maximum permissible temperature of the insulation to obtain a reasonable service life; 
(2) shows the maximum permissible temperature using the resistance method; 


(3) shows the limiting ambient temperature. 


perature limit for the particular class of insulation 
used. 

Figure 16-6 shows the hot-spot temperature 
limits for class A, B, F, and H insulation (curve 1). 
They are equal to the temperature limits previous- 
ly mentioned in Sec. 4-7. The limiting ambient 
temperature of 40°C is also shown (curve 3). The 
temperature difference between these two curves 
gives the maximum permissible temperature rise 
for each insulation class. This limiting temperature 
rise enables the manufacturer to establish the 


physical size of the motor, relay, and so forth, he 
intends to put on the market. Thus, for class B 
insulation, the limiting temperature rise is (130 - 
40) = 90°C. 

To show how the temperature rise affects the 
size, suppose a manufacturer has designed and 
built a 10 kW motor using class B insulation. To 
test the motor, he places it in a constant ambient 
temperature of 40°C and loads it up until it deliv- 
ers 10 kW of mechanical power. Special tempera- 
ture detectors, located at strategic points through- 
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out the machine, record the temperature of the 
windings. After the temperatures have stabilized 
(which may take several hours), the hottest tem- 
perature is noted, and this is called the hot-spot 
temperature. If the hot-spot temperature so re- 
corded exceeds 130°C, the manufacturer is not 
permitted to sell his product. The reason is that 
the temperature rise exceeds the maximum per- 
missible rise of 90°C for class B insulation. 


On the other hand, if the hottest-spot tempera- 
ture is only 100°C, the temperature rise is only 
(100 - 40) = 60°C. The manufacturer immediately 
perceives that he can make a more economical 
design and still remain within the permissible tem- 
perature rise limits. For instance, he can reduce 
the conductor size until the hot-spot temperature 
rise is very close to 90°C. Obviously, this reduces 
the weight and cost of the windings. But the man- 
ufacturer also realizes that the reduced conductor 
size now enables him to reduce the size of the 
slots. This, in turn, reduces the amount of iron. By 
thus redesigning the motor, the manufacturer ulti- 
mately ends up with a product which operates 
within the permissible temperature rise limits and 
has the smallest possible physical size. 

In practice, it is not convenient to carry out 
performance tests in a controlled ambient temper- 
ature of 40°C. The motor is usually loaded to its 
rated capacity in much lower (and more comfort- 
able) ambient temperatures. The hottest-spot tem- 
perature is recorded as before. If the temperature 
rise under these conditions is equal to or less than 
90°C (for class B insulation), the manufacturer is 
allowed to sell his product. There is, however, one 
further condition: In carrying out the test, the am- 
bient temperature must lie between 10°C and 
40°C. These upper and lower ambient temperature 
limits are set by standards. 


Example 16-3: 

A 75 kW motor, insulated class F, operates at full 
load in an ambient temperature of 32°C. If the 
hot-spot temperature is 125°C, does the motor 
meet the temperature standards? 


Solution: 

The hot-spot temperature rise is (125 - 32) = 93°C. 
According to Fig. 16-6, the permissible hot-spot 
temperature rise is (155 - 40) = 115°C. The motor 
easily meets the temperature standards. The manu- 
facturer could reduce the size of the motor and, 
thereby, produce a more competitive product. 
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16-7 Temperature rise by the resistance method 


The hot-spot temperature rise is rather difficult to 
measure because it has to be taken at the very in- 
side of the winding. This can be done by em- 
bedding a small temperature detector, such as a 
thermocouple or thermistor. However, this direct 
method of measuring hot-spot temperature is cost- 
ly, and is only justified for large machines. 

To simplify matters, accepted standards permit 
a second method of determining temperature rise. 
It is based upon the average winding temperature 
rather than the hot-spot temperature. The limiting 
average winding temperatures for the various insu- 
lation classes are shown in curve 2, Fig. 16-6. For 
example, in the case of class B insulation, an aver- 
age winding temperature of 120°C is assumed to 
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correspond to a hot-spot temperature of 130°C. 
Similarly, an average temperature rise of (120 - 40) 
= 80°C is assumed to correspond to a hot-spot 
temperature rise of (130 - 40) = 90°C. 


The average temperature of a winding is found 
by the so-called resistance method. It consists of 
measuring the winding resistance at a known tem- 
perature, and measuring it again when the machine 
is hot. Knowing the temperature coefficient of the 
conductor, we can easily calculate the temperature 
(Sec. 5-9). For example, if the winding is made of 
copper, we can use the following equation to de- 
termine its average temperature: 


ty = 7 (234 + t,) - 234 (16-3) 


t, = average temperature of the winding when 
hot [°C] 
234 = aconstant equal to 1/a = 1/0.004 27 
[see Table 5B] 
R, = hot resistance of the winding [{] 
R, = cold resistance of the winding [{2] 
t; = temperature of the winding when cold 
[°C] 

Knowing the winding temperature by the resis- 
tance method, we can immediately calculate the 
corresponding temperature rise by subtracting the 
ambient temperature. If this temperature rise falls 
within the permissible limit (80°C for class B insu- 
lation), the product is acceptable, from a standards 
point of view. Note that when performance tests 
are carried out using the resistance method, the 
ambient temperature must again lie between 10 C 
and 40°C. 


Example 16-4: 

A 1000 hp motor, which has been idle for several 
days, possesses a shunt-field resistance of 22 Q. 
The ambient temperature is 19°C. The motor then 
operates at full load and, when temperatures have 
stabilized, the field resistance is found to be 30 Q. 
The corresponding ambient temperature is 24°C. 
If the motor is insulated class B, calculate: 


a. the average temperature of the winding, when 
hot; 

b. the temperature rise by the resistance method; 

c. whether the motor meets the temperature 
standards. 


Solution: 

a. i) (R5/R3) (234 + t) - 234 
(30/22) (234 + 19) - 234 

ae 

b. Temperature rise = 111-24 = 87°C 


c. The temperature rise permitted for class B insu- 


lation is (120 - 40) = 80°C. Consequently, the 
motor does not meet the standards. Either its 
rating will have to be reduced, or the cooling 
system improved, before it can be put on the 
market. Alternatively, it may be rewound using 
class F insulation. As a very last resort, its size 
could be increased. 
A final word of caution: temperature rise stan- 
dards depend not only on the class of insulation, 
but also on the type of apparatus (motor, trans- 
former, relay, etc.), its construction (drip-proof, 
totally enclosed, etc.) and its field of application 
(commercial, industrial, naval, etc.). Consequently, 
we should always consult the pertinent standards 
before conducting a heat-run test on a specific 
machine or device. 


16-8 Relationship between the speed 
and size of a machine 


Although temperature limits establish the nominal 
power rating of a machine, its basic physical size 
depends upon the power and speed of rotation. 

Consider a 100 kW, 250 V, 2000 r/min gener- 
ator shown in Fig. 16-7. Suppose we have to build 
another generator having the same power and volt- 
age, but running at half the speed. 

To generate the same voltage at half the speed, 
we either have to double the number of conduc- 
tors on the armature, or double the flux from the 
poles. Consequently, we must either increase the 
size of the armature, or increase the size of the 
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Figure 16-7 100 kW, 2000 r/min, mass: 300 kg. 





Figure 16-8 100 kW, 1000 r/min, mass: 500 kg. 


poles. In practice, we increase both. We conclude 
that for a given power output, a low-speed ma- 
chine is always bigger than a high-speed machine 
(Fig. 16-8). This is true for both ac and dc ma- 
chines. 

Basically, the size of a machine depends upon 
its torque. Thus, a 100 kW, 2000 r/min motor has 
about the same physical size as a 10 kW motor 
running at 200 r/min. 

Low-speed motors are therefore more costly 
than high-speed motors of equal power. Conse- 
quently, for low-speed drives, it is often cheaper to 
use a high-speed motor with a gear box, than to 
use a low-speed motor directly. 


QUESTIONS AND PROBLEMS 
Practical level 
16-1 Name the losses in a dc motor. 


16-2 What causes iron losses and how can they be 
reduced? 


16-3 Explain why the temperature of a machine 
increases as the load increases. 

16-4 What determines the power rating of a ma- 
chine? 

16-5 If we cover up the vents in a motor, its out- 
put power must be reduced. Explain. 

16-6 May we load a motor above its rated power 
inacold area? Why? 


Intermediate level 


16-7 A dc motor operating on a 240 V line prod- 
uces a mechanical output of 160 hp. Know- 
ing that the losses are 12 kW, calculate the 
input power and the line current. 

16-8 A 115 V de generator delivers 120 A. If it 
has an efficiency of 81%, calculate the me- 
chanical power needed to drive it [hp] . 

16-9 Calculate the full load current of a 250 hp, 
230 V dc motor having an efficiency of 92%. 

16-10 A machine having class B insulation, attains 
a temperature of 208°C (by resistance) in an 
ambient temperature of 180°C. 

a. What is the temperature rise? 
b. Is the machine running too hot and, if so, 
by how much? 

16-11 The efficiency of a machine is always low 
when it operates at 10% of its nominal pow- 
er rating. Explain. 

16-12 Calculate the efficiency of the motor in 
Example 16-2 when it delivers an output of 
40 hp. 

16-13 Arn electric motor driving a skip hoist with- 
draws 1.5 metric tons of minerals from a 
trench 20 m deep, every 30 seconds. If the 
hoist has an overall efficiency of 94%, calcu- 
late the power output of the motor, in 
horsepower and in kilowatts. 

16-14 Thermocouples are used to measure the in- 
ternal temperature of a 1200 kW ac motor 
insulated class F. If the motor runs normal- 
ly, what is the maximum temperature these 
detectors should indicate in an ambient tem- 
perature of 40°C? 30°C? 14°C? 

16-15 A 60hp ac motor with class F insulation 
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has a winding resistance of 129 at 23°C. 

When it runs at rated load in an ambient 

temperature of 31°C, the winding resistance 

is found to be 17.4 Q. 

a. Calculate the hot winding temperature; 

b. Calculate the temperature rise of the 
motor; 

c. Could the manufacturer increase the 
nameplate rating of the motor? Explain. 


16-16 The motor in Problem 16-15 is overloaded 


and delivers 75 hp in an ambient of 12°C. 

a. Knowing that the windings can operate at 
145°C (measured by resistance) without 
reducing the expected life of the ma- 
chine, calculate the permissible tempera- 
ture rise under these overload conditions; 

b. What is the temperature rise stamped on 
the nameplate? 


16-17 A No. 10 round copper wire 210 m long 


carries a current of 12 A. Knowing that the 
temperature of the conductor is 105°C, cal- 
culate: 

a. the current density [A/mm7’] : 

b. the copper losses [W/kg] . 


Advanced level 


16-18 An aluminum conductor operates at a cur- 


rent density of 2 A/mm?. 
a. If the conductor temperature is 120°C, 


calculate the losses [W/kg] . 
b. Express the current density in circular 
mils per ampere. 


16-19 The temperature rise of a motor is roughly 


proportional to its losses. On the other hand, 
its efficiency is reasonably constant in the 
range between 50% and 150% of its nominal 
rating (see, for example, Fig. 16-5). Based on 
these facts, if a 20 kW motor has a full-load 
temperature rise of 80°C, what power can it 
deliver at a temperature rise of 105 C? 


16-20 The armature in Fig. 15-4 is designed for a 


6-pole dc motor running at 1200 r/min. It 
possesses 81 slots and the peak flux density 
in the teeth is 1.4 T. Each tooth is 10 mm 
wide and 35 mm deep. If the laminations are 
type M-36 No. 24 gauge, calculate: 

a. the frequency of the ac flux in each tooth; 
b. the iron losses in the teeth (see Fig. 6-15). 


16-21 An 11kW ac motor having class B insula- 


tion would normally have a life span of 
20 000 h provided the winding temperature 
by resistance does not exceed 120°C. By 
how many hours is the lifetime reduced if 
the motor runs for 3h at a temperature (by 
resistance) of 200°C? (See Sec. 4-6). 


16-22 The armature of a 300 kW dc motor is 


made of No. 24 gauge type M-36 laminations. 
The peak flux density is 1.2 T. Calculate the 
percent reduction in iron losses if No. 29 
gauge type M-14 laminations were used. 


1/7 


THREE-PHASE 
INDUCTION 
MOTORS 





Three-phase induction motors are the motors most 
frequently encountered in industry. They are sim- 
ple, rugged, low-priced, and easy to maintain. 
They run at essentially constant speed from zero 
to full load. However, the speed is frequency de- 
pendent and, consequently, these motors are not 
easily adapted to speed control. We usually prefer 
direct-current motors when large speed variations 
are required. Nevertheless, variable frequency elec- 
tronic sources are now available to drive commer- 
cial induction motors (Chapter 25), 


17-1 Principal components 


A 3-phase induction motor has two main parts: a 
stationary stator and a revolving rotor. The rotor is 
separated from the stator by a small air-gap which 
ranges from 0.4 mm to 4mm, depending on the 
power of the motor. 

The stator consists of a steel frame which en- 
closes a hollow, cylindrical core made up of 
stacked laminations. A number of evenly spaced 
slots, punched out of the internal circumference of 
the laminations, provide the space for the stator 
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winding (Fig. 17-1). 

The rotor is also composed of punched lamina- 
tions. These are carefully stacked to create a series 
of rotor slots to provide space for the rotor wind- 
ing. We use two types of rotor windings: (a) con- 
ventional three-phase windings made of insulated 
wire and (b) squirrel-cage windings. The type of 
winding gives ‘rise to two main classes of motors: 
squirrel-cage induction motors and wound-rotor 
induction motors. 

A squirrel-cage rotor (Fig. 17-2) is composed of 
bare copper bars, slightly longer than the rotor, 
which are pushed into the slots. The opposite ends 
are welded to two copper end-rings, so that all the 
bars are short-circuited together. The entire con- 
struction (bars and end-rings) ressembles a squirrel- 
cage, from which the name is derived. In small and 
medium-size motors, the bars and end-rings are 
made of die-cast aluminum, molded to form an in- 
tegral block (Fig. 17-3). 


A wound rotor has a three-phase winding, simi- 
lar to the one on the stator. The winding is uni- 
formly distributed in the slots and is usually can- 
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Figure 17-1 Stator of a 2 kW, 1725 r/min, 60 Hz, 3-phase induction motor. (Brook Crompton Parkinson Ltd) 





Figure 17-2 Squirrel-cage rotor of a 2 kW, 1725 r/min, 60 Hz, 3-phase induction motor. (Brook Crompton Parkinson Ltd) 


293 


294 ROTATING MACHINERY 





Figure 17-3 a. Progressive steps in the manufacture of stator and rotor laminations. Sheet steel is 
blanked (2), punched (3), blanked (4) and punched (5). (Lab-Volt) 


Figure 17-3 b 


Die-cast aluminum squirrel-cage rotor with inte- 
gral cooling fan. (Lab-Vo/t) 


sheared to size (1), 
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Figure 17-3 c. Progressive steps in the injection molding of a squirrel- 
cage rotor. 


a. Molten aluminum is poured into a cylindrical cavity. The laminated 
rotor stacking is firmly held between two molds. 


b. Compressed air rams the mold assembly into the cavity. Molten alumi- 
num is forced upwards through the rotor bar holes and into the upper 
mold. 


c. Compressed air withdraws the mold assembly, now completely filled 
with hot (but hardened) aluminum. 


d. The upper and lower molds are pulled away, revealing the die-cast rotor. 
The cross section view shows that the upper and lower end rings are 
joined by the rotor bars. (Lab-Vo/t) 
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Figure 17-4 a. Exploded view of a5 hp, 1730 r/min wound-rotor induction motor. 





Figure 17-4 b. Closeup of the slip ring end of the rotor. (Brook Crompton Parkinson Ltd) 


nected in wye. The terminals are connected to 
three slip-rings which turn with the rotor (Fig. 
17-4). The revolving slip-rings and associated sta- 
tionary brushes enable us to connect external resis- 
tors in series with the rotor winding. The external 
resistors are mainly used during the start-up peri- 
od; under normal running conditions, the three 


brushes are short-circuited. 
17-2 Principle of the induction motor 


The operation of a 3-phase induction motor is 
based upon the application of Faraday’s Law and 
the Lorentz force on a conductor (Secs. 2-8, 2-9, 
and 2-25). The behavior can readily be understood 
by means of the following example. 

Consider a series of conductors of length / 
whose extremities are short-circuited by two bars 
A and B (Fig. 17-5). A permanent magnet, placed 





length / 
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the magnetic field of the permanent magnet, it 

experiences a mechanical force (Lorentz force); 
4. the force always acts in a direction to drag the 

conductor along with the magnetic field (Sec. 

2-26). 

If the conducting “‘ladder’’ is free to move, it 
will accelerate towards the right. However, as it 
picks up speed, the conductors will be cut less rap- 
idly, with the result that the induced voltage & and 
the current J will diminish. Consequently, the 
force acting on the conductors will also decrease. 
If the ladder were to move at the same speed as 
the magnetic field, the induced voltage £, the cur- 
rent 7, and the force would all be zero. 

In an induction motor, the ladder is closed 
upon itself to form a squirrel-cage, and the moving 
magnet is replaced by a rotating field. The field is 
produced by the 3-phase currents which flow in 
the stator windings, as we shall now explain. 


Figure 17-5 a. Moving magnet cutting across a conducting ladder. 


above this conducting “‘ladder,”” moves rapidly to 

the right at a speed v, so that its magnetic field B 

sweeps across the conductors. The following se- 

quence of events then takes place: 

1. a voltage E = Bly is induced in each conductor 
while it is being cut by the flux (Faraday’s 
Law); 

2. the induced voltage immediately produces a 
current J, which flows down the conductor, 
through the end-bars, and back through the 
other conductors; 

3. because the current-carrying conductor lies in 


length / 





Figure 17-5 b. Ladder bent upon itself to form a squir- 
rel-cage. 
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17-3 The rotating field 


Consider a simple stator having six salient poles, 
connected as shown in Fig. 17-6. Three identical 
windings AN, BN, CN, each composed of two coils 
in series, are arranged to be mechanically spaced at 
120° to each other. The respective coil ends aa, 
bb, cc are joined but we have neglected to show 
the connections so as not to encumber the draw- 
ing. The three sets of coils are connected in wye, 
and have a common neutral N. Owing to the per- 
fectly symmetrical arrangement, the line-to-neutral 
impedances are identical. In other words, with re- 
gard to terminals A, B, C, the windings constitute 
a balanced 3-phase system. 





Figure 17-6 Elementary stator having terminals A, B, C, 
connected to a 3-phase source (not shown). 


If we apply a 3-phase source to terminals A, B, 
C, alternating currents J,, Jp and J, will flow in the 
windings. The currents will have the same magni- 
tude, but will be displaced in time by an angle of 


120°. These currents produce magnetomotive 
forces which, in turn, create a magnetic flux. It is 
this flux we are interested in. 

In order to follow the sequence of events, we 
assume that positive currents always flow from 
line to neutral. Conversely, negative currents flow 
from neutral to line. Furthermore, to enable us to 
work with numbers, suppose that each coil has 5 
turns and that the peak current per phase is 10 A. 
Thus, when J, = +7A, the two coils of phase A 
will together produce a mmf of 70 ampere-turns 
and a corresponding value of flux. Because the cur- 
rent is positive, the flux is directed vertically up- 
wards, according to the right-hand rule. 

As time goes by, we can determine the instanta- 
neous value and direction of the current in each 
winding, and thereby establish the successive flux 
patterns. Thus, referring to Fig. 17-7 at instant 1, 
current /, has a value of + 10 A, whereas Jp and J, 
both have a value of - 5 A. The mmf of phase A is 
10A x 10 turns = 100 ampere-turns, while the 
mmf of phases B and C are each 50 ampere-turns. 
The direction of the mmf depends upon the ins- 
tantaneous current flows and, using the right-hand 
rule, we find that the resulting magnetic field has 
the shape shown in Fig. 17-8a. Note that as far as 
the rotor is concerned, the six poles together pro- 
duce a magnetic field having essentially one north 
and one south pole. The combined magnetic field 
points upwards. 

At instant 2, one sixth cycle later, current J, at- 
tains a peak of - 10 A, while J, and Jp both have a 
value of +5 A (Fig. 17-8b). We discover that the 
new field has the same shape as before, except that 
it has moved clockwise by an angle of 60°. In 
other words, the flux makes one sixth of a turn be- 
tween instants 1 and 2. 

Proceeding in this way for each of the succes- 
sive instants 3,4, 5, 6,and 7, separated by intervals 
of 1/6 cycle, we find that the magnetic field makes 
one complete turn during one cycle (see Figs. 
17-8a to 17-8d). 

The rotational speed of the field depends, 
therefore, upon the frequency of the source. If the 
frequency is 60 Hz, the resulting field makes one 
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Figure 17-7 Instantaneous values of currents in Fig. 17-6. 
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Figure 17-8 The field rotates by 60° between instant 1 and instant 2. 
a. flux pattern at instant 1 b. flux pattern at instant 2. 
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(c) 


(f) 





(d) 


(e) 


Figure 17-8 The field rotates through a further 240° between instants 2 and 6. 


c. flux pattern at instant 3 
d. flux pattern at instant 4 


turn in 1/60 s, or 3600 revolutions per minute. On 
the other hand, if the frequency were 5 Hz, the 
field would make one turn in 1/5 s, giving a speed 
of only 300 r/min. Because the speed of the ro- 
tating field is necessarily synchronized with the 
frequency of the source, it is called synchronous 
speed. 


17-4 Direction of rotation 


The positive crests of the currents in Fig. 17-7 fol- 


e. flux pattern at instant 5 
f. flux pattern at instant 6. 


low each other in the order A-B-C. This phase se- 
quence produces a field that rotates clockwise. If 
we interchange any two of the lines connected to 
the stator, the new phase sequence will be A -C - 
B. Following the same line of reasoning developed 
in Sec. 17-3, we find that the field now revolves at 
synchronous speed in the opposite, or counter- 
clockwise direction. Interchanging any two lines of 
a 3-phase motor will therefore reverse its direction 
of rotation. 


17-5 Number of poles - synchronous speed 


Although early machines were built with salient 
poles, the stators of modern motors are smooth. 
Thus, the two-pole stator of Fig. 17-6 is built as 
shown in Fig. 17-9a. In effect, the two stator coils 
of phase A are stretched to cover the full 180° 
span of one pole. The coils of the other two phases 
are identical and, as in Fig. 17-6, all the coils are 
displaced at 120° to each other. The individual 
coils are called phase groups, or simply groups. 
The resulting field is similar and consists of 2 poles. 







group 1 
group 1 phase B 
phase A (,=-5 A) 


(I,= +10 A) 


group 2 
phase A 


Figure 17-9 a. Two-pole, full-pitch lap wound stator 
and resulting magnetic field when the 
current in phase A=+ 10A. 


To construct a 4-pole stator, the coils are dis- 
tributed as shown in Fig. 17-9b. The 4 groups of 
phase A are identical but they now span only 90° 
of the stator circumference. The groups are con- 
nected in series and in such a way that adjacent 
groups produce magnetomotive forces acting in 
opposite directions. In other words, if a current 
were to flow only in the stator winding of phase 
A, it would create 4 alternate N-S poles. The wind- 
ings of the other two phase are identical but are 
displaced from each other (and from phase A) by a 
mechanical angle of 60°. When the wye-connected 
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group 1 
phase A 
(I,= +10 A) 






group 4 


Figure 17-9 b. Four-pole, full-pitch lap wound stator 
and resulting magnetic field when J, = 
+10A. 


windings are connected to a 3-phase source, a re- 
volving field having 4 poles is created (Fig. 17-9b). 
This field rotates at only half the speed of the 2- 
pole field shown in Fig. 17-9a. 

We can increase the number of poles as much as 
we please provided there are enough slots. Thus, 
Fig. 17-9c shows a 3-phase 8-pole stator. Each 
phase consists of 8 groups and the groups of all the 
phases together produce an 8-pole rotating field, 
(Fig. 17-9c). When connected to a 60 Hz source, 


group 1 
group 1 phase B 
phase A (J, =-5 A) 
(I, =+ 10 A) 





group 8 
phase A 


Figure 17-9 c. Ejight-pole pole, full-pitch lap wound 
stator and resulting magnetic field when 
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the poles turn, like the spokes of a wheel, at a 
synchronous speed of 900 r/min. 

Is there any way we can tell what the synchro- 
nous speed should be? Without going into all the 
details of current flow in the three phases, let us 
restrict our attention to phase A. In Fig. 17-9c, 
each phase group covers a mechanical angle of 
360/8 = 45°. Suppose the current in phase A is at 
its maximum positive value. The magnetic flux is 
then centered with respect to phase A, and the N-S 
poles are located as shown in the figure. A few 


group 1 
group 1 phase B 
(Ip =-5 A) 







(I,=+ 10 A) group 1 


phase C 


8 
ae Uic=-5 A) 


phase A 





Figure 17-9 c. Determining the synchronous speed. 


moments later, the current in phase A will reverse 
and when it reaches its maximum negative value, 
the flux pattern will be the same as before, except 
that all the N poles will become S poles and vice 
versa. In effect, the entire magnetic field shifts by 
“an angle of 45° — and this gives us the key to find- 
ing the speed of rotation. The flux moves 45° in 
one half cycle, and so it takes 8 half cycles (= 4 
cycles) to move 360°. On a 60 Hz system the time 
to make one turn is therefore 4 x 1/60 = 1/15s. 
The flux turns at the rate of 15 r/s or 900 r/min. 


The speed of a rotating field depends therefore 
upon the frequency of the source and the number 
of poles on the stator. Using the same reasoning as 
above, we can prove that the speed is always given 
by: 


(17-1) 





Ns = synchronous speed [r/min] 

f = frequency of the source [Hz] 

Pp = number of poles per phase. 

This equation shows that the synchronous 
speed increases with frequency and decreases with 
the number of poles. 


Example 17-1: 

Calculate the synchronous speed of a three-phase 
induction motor having 20 poles per phase when it 
is connected to a 50 Hz source. 


Solution: 
ns = 120f/p = 120 x 50/20 = 300 r/min 


17-6 Starting characteristics 
of a squirrel-cage motor 


Let us connect the stator of an induction motor to 
a 3-phase source, with the rotor locked. The re- 
volving field created by the stator cuts across the 
rotor bars and induces a voltage in all of them. 

This is an ac voltage because each conductor is 
cut, in rapid succession, by a N pole followed by a 
S pole. The frequency depends upon the number 
of N and S poles that sweep across a conductor per 
second; when the rotor is at rest, it is always equal 
to the frequency of the source. 

Because the rotors bars are shorted by the end- 
rings, the induced voltage causes a large current to 
flow - usually several hundred amperes per bar in 
machines of medium power. | 

The current-carrying conductors are in the path 
of the flux created by the stator, consequently, 
they all experience a strong mechanical force. 
These forces tend to drag the entire rotor along 
with the revolving field. 

In summary: 

1. a revolving magnetic field is set up when a 3- 
phase voltage is applied to the stator of an in- 
duction motor; 

2. the revolving field induces a voltage in the rotor 
bars; 

3. the induced voltage creates large circulating cur- 


rents which flow in the rotor bars and end-rings; 

4. the current-carrying rotor bars are immersed in 
the magnetic field created by the stator; they 
are therefore subjected to a strong mechanical 
force; 

5. the sum of the mechanical forces on all the 
rotor bars produces a torque which tends to 
drag the rotor along in the direction of the re- 
volving field, 


17-7 Acceleration of the rotor - slip 


As soon as we release the rotor, it rapidly acceler- 
ates in the direction of the rotating field. As it 
picks up speed, the relative velocity of the field 
with respect to the rotor diminishes progressively. 
This causes both the value and the frequency of 
the induced voltage to decrease because the rotor 
bars are cut more slowly. The rotor current, very 
large at first, decreases rapidly as the motor picks 
up speed. 

The speed will continue to increase, but it will 
never catch up with the revolving field. In effect, if 
the rotor did turn at the same speed as the field 
(synchronous speed), the flux would no longer cut 
the rotor bars and the induced voltage and current 
would fall to zero. Under these conditions, the 
force acting on the rotor bars would also become 
zero and the friction and windage would immedi- 
ately cause the rotor to slow down. 

The rotor speed must always be slightly less 
than synchronous speed so as to produce a current 
in the rotor bars sufficiently large to overcome the 
braking torque. At no-load the difference in speed 
between the rotor and field (called slip), is very 
small: usually less than 0.1% of synchronous speed. 


17-8 Motor under load 


If we apply a mechanical load to the shaft, the 
motor will begin to slow down and the revolving 
field will cut the rotor bars at a higher and higher 
rate. The induced voltage and the resulting current 
in the bars will increase progressively, producing a 
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greater and greater motor torque. The question is, 
for how long can this go on? Will the speed con- 
tinue to drop until the motor comes to a halt? 

No: the motor and the mechanical load will 
reach a state of equilibrium, making peace with 
each other so to speak, when the motor torque Is 
exactly equal to the load torque. When this state is 
reached, the speed will cease to drop any more and 
the motor will turn at a constant rate. It is very 
important to understand that a motor only turns 
at constant speed when its torque is exact/y equal 
to the torque exerted by the mechanical load. The 
moment this state of equilibrium is upset, the 
motor speed will start to change (Sec. 3-11). 

A motor is essentially a willing workhorse, | 
doing its best to develop a torque always equal to 
that imposed by the load. If the load torque ex- 
ceeds the maximum the motor can produce, it will 
simply come to a stop. 

Under normal loads, induction motors run very 
close to synchronous speed. Thus, at full load, the 
slip for large motors (1000 kW and more) rarely 
exceeds 0.5% of synchronous speed, and for small 
machines (10 kW and less), it seldom exceeds 3%. 
This is why induction motors are considered to be 
constant-speed machines. However, because they 
never actually turn at synchronous speed, they are 
sometimes called asynchronous machines. 


17-9 Slip 
The slip s of an induction motor is the difference 


between the synchronous speed and the rotor 
speed expressed as a percent of synchronous speed. 





(17-2) 
where 
s = slip 
N, = synchronous speed [r/min] 
n = rotor speed [r/min] 


The slip is practically zero at no-load, and it is 
equal to 1 (or 100%) when the rotor is locked. 
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Example 17-2: 

A 6-pole induction motor is excited by a 3-phase, 
60 Hz source. If the full-load speed is 1140 r/min, 
calculate the slip. 


Solution: 
The synchronous speed of the motor is: 
ns = 120f/p = 120 x 60/6 
= 1200 r/min 
The difference between the synchronous speed 
and rotor speed is the slip speed: 
Ng -n = 1200-1140 = 60 r/min 
5 = (n,-n)/n,; = 60/1200 
0.05 or 5% 


Eq. 17-1 


Eq. 17-2 


17-10 Voltage and frequency induced in the rotor 


The voltage and frequency induced in the rotor 
both depend upon the slip. They are given by the 
following equations: 


fo = rotor frequency [Hz] 
fo = frequency of the source connected to the 
stator [Hz] 
s = slip 
F', = voltage induced in the rotor at slip s [V] 
Foc = Open-circuit voltage induced in the rotor 
when at rest [V] 
It should be noted that Eq. 17-3 always holds 
true, but Eq. 17-4 is valid only if the revolving flux 
(in webers) remains constant. 


Example 17-3: 

A 6-pole wound-rotor induction motor is excited 
by a 3-phase 60 Hz source. Calculate the frequen- 
cy of the rotor current under the following condi- 
tions: 

a. at standstill; 


b. motor turning at 500 r/min in the same direc- 
tion as the revolving field; | 

c. motor turning at 500 r/min in the opposite di- 
rection to the revolving field; 

d. motor turning at 2000 r/min in the same direc- 


tion as the revolving field. 


Solution: 
From Example 17-2, the synchronous speed of the 
motor is 1200 r/min. 
a.1 At standstill, the motor speed 1 = O. Conse- 
quently, the slip is: 
Ss = (n,-n)/ng = (1200 -0)/1200 = 1 
a.2 The frequency of the induced voltage (and 
of the induced current) is: 
hr = Sfo = 1x60 = 60Hz 
b. 1 When the motor turns in the same direction 
as the field, the motor speed 7 is positive. 


The slip is: 
s = (n,-n)/n, = (1200 ~- 500)/1200 
= 7/12 = 0.583 


b.2 The frequency of the induced voltage (and 
of the rotor current) is: | 
fo = Sho = 0.583 x 60 = 35 Hz 
c. 1 When the motor turns in the opposite direc- 
tion to the field, the motor speed is negative: 
nN, = - 500. The slip is: 
s = (n,-n)/n, = {1200 - (- 500)}/1200 
(1200 + 500)/1200 = 17/12 
1.417 
c.2 The frequency of the induced voltage and 
rotor current is: 
fo = Sfo= 1.417 x 60= 85 Hz 
d.1 The motor speed is positive: 2 = +2000. 
d.2 Theslip is: 
s = (ns-n)/n, = (1200 - 2000)/1200 
= -2/3 = - 0.667 
d.3 The frequency of the induced voltage and 
rotor current is: 
fo = Sfo = -0.667 x 60 = -40 Hz 


Il 


A negative frequency means that the phase 
sequence of the voltages induced in the rotor 
windings is reversed. Thus, if the phase se- 
quence of the voltages is A-B-C when the fre- 


quency is positive, the phase sequence is A- 
C-B when the frequency is negative. As far as 
a frequency meter is concerned, a “‘negative”’ 
frequency gives the same reading as a “‘posi- 
tive’ frequency does. Consequently, we can 
say that the frequency is simply 40 Hz. 


17-11 Characteristics of squirrel-cage 
induction motors 


Table 17A lists the typical properties of squirrel- 
cage induction motors in the power range between 
1kW and 20 000 kW. The following explanations 
will help us understand the values and the percent- 
age given in the table. 


1. Motor at no load. When the motor runs at no 
load, the stator current lies between 0.5 and 
0.3 p.u. (of full-load current). The no-load current 
is composed of a magnetizing component which 
creates the revolving flux and a small active com- 
ponent that supplies the windage and friction 
losses in the rotor plus the iron losses in the stator. 

Considerable reactive power is needed to create 
the revolving field and, to keep it within accept- 
able limits, we use as short an air-gap as mechani- 
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cal tolerances will permit. The power factor at no- 
load is therefore low; it ranges from 0.2 (or 20%) 
for small machines to 0.05 for large machines. The 
efficiency is zero because the output power is zero. 


2. Motor under load. Both the exciting current 
and reactive power under load remain about the 
same as at no load. However, the active power 
(kW) absorbed by the motor increases in propor- 
tion to the mechanical load. It follows that the 
power factor of the motor improves as the me- 
chanical load increases. At full load, it ranges from 
0.70 for small machines to 0.90 for large machines. 
The efficiency at full load is particularly high; it 
can attain 98% for very large machines. 


3. Locked rotor characteristics. The locked-rotor 
current is 5 to 6 times the full-load current, 
making the J?R losses 25 to 36 times higher than 
normal. The rotor must therefore never remain 
locked for more than a few moments. 

Although the mechanical power is zero, the 
motor develops a strong torque. The power factor 
is low because considerable reactive power Is 
needed to produce the leakage flux in the rotor 
and stator windings. These leakage fluxes are much 


a ge a gs ge en ar TS 


TABLE 17A TYPICAL CHARACTERISTICS OF SQUIRREL - CAGE INDUCTION MOTORS (per unit values) 
er a a a a ar 
Loading Current Torque Slip Efficiency Power factor 
00a 
motor size  small*  big* small big small big small big small : big 
II Ii i Ii aoa 
Full load 1 1 1 1 0.03 0.004 0.7 0.96 0.8 0.87 
to to to to 
0.9 0.98 0.85 0.9 
No-load 0.5 0.3 0 0 =~0 =0 0 0 0.2 0.05 
Locked rotor 5 4 1.5 0.5 1 1 0 0 0.4 0.1 
to to to to 
6 6 3 1 


* small means under 11 kW (15 hp) big means over 1120 kW (1500 hp) and up to 25 000 hp. 
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larger than in a transformer because the stator and 
the rotor windings are not as tightly coupled (see 
Sec. 11-3). 


17-12 Calculation of approximate current 
The full-load current of a three-phase induction 


motor may be calculated by means of the follow- 
ing approximate equation: 


I = 600 P/E 
where 


I = full load current [A] 
Phy = output power [horsepower] 


(17-5) 


Recalling that the starting current is 5 to 6 
times full-load current and the no-load current is 
between 0.5 and 0.3 p.u., we can readily estimate 
the critical currents for any induction motor. 


Example 17-4: 

a. Calculate the approximate full-load Current, 
locked-rotor current and no-load current of a 
3-phase induction motor having a rating of 
500 hp, 2300 V. 

b. What is the apparent power drawn under locked 
rotor conditions? 

c. Give the nominal rating of this motor, expressed 


in kilowatts. 
Solution: 
a. The full-load current is: 
I = 600P,/E Eq. 17-5 


= 600 x 500/2300 
130 A (approx.) 
No-load current: 
I = 0.3x 130 = 39A (approx.) 


Starting current: 
I = 6x 130 = 780A (approx.) 
b. The apparent power under locked-rotor condi- 
tions is: 
S = +/3 EI = 1.73 x 2300 x 780 
= 3100 kVA 


Eq. 9-9 


c. When the power of a motor is expressed in kilo- 
watts, it always relates to the mechanical out- 
put, and not to the electrical input. The nomi- 
nal rating of this motor expressed in SI units is 
therefore: 

P = 500/1.34 
= 373 kW (see Power conversion chart) 

17-13 Active power flow 

Voltages, currents, and phasor diagrams enable us 

to understand the detailed behavior of an induc. 

tlon motor. However, it is easier to see how elec- 
trical energy is converted into mechanical energy 
by following the active power as it flows through 
the machine. Thus, referring to Fig. 17-10, active 
power P. flows from the line into the three-phase 
stator. Owing to the stator copper losses, a portion 

Pi; is dissipated as heat in the windings. Another 

portion P¢ is dissipated as heat in the stator core, 

owing to the iron losses. The remaining active 
power P, is carried across the air-gap and trans- 
ferred to the rotor by electro-magnetic induction. 

Owing to the JR losses in the rotor, a third 
portion Pj, is dissipated as heat and the remainder 
is finally available in the form of mechanical pow- 
er Py. By subtracting a small fourth portion Py, 
representing windage and _ bearing-friction losses, 
we finally obtain P_, the mechanical power avail- 
able at the shaft and supplied to the load. 


The power flow diagram of Fig. 17-10 enables 
us to identify and to calculate three important 
properties of the induction motor: 1) /ts efficiency, 
2) its power, and 3) its torque. 


1. Efficiency. By definition, the efficiency of a 
motor is the ratio of the output power to the in- 
put power: 


efficiency (n) = PL/Pe 


2. I’R losses in the rotor. It can be shown* that 


(17-6) 


* See page 312. 


the rotor I7R losses Pj, are related to the rotor in- 
put power P, by the equation: 


Pi, = $P, (17-7) 
where 
Pi, = rotor losses [W] 
s = slip 


P, = power transmitted to the rotor [W] 


Equation 17-7 shows that the rotor /7R losses 
become more and more important as the slip in- 
creases. A rotor turning at half synchronous speed 
(s = 0.5) dissipates in the form of heat 50% of the 
active power it receives. When the rotor is locked 
(s = 1), all the power is dissipated as heat. 








active power 
to stator 





active power 
supplied to rotor 
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where 
Tm = torque developed by the motor [N-m] 
P. = power transmitted to the rotor [W] 
Ag = synchronous speed [r/min] 


9.55 = multiplier to take care of units [exact 
value: 60/277] 


The actual torque 7 available at the shaft Is 
slightly less than 7,,, owing to the torque required 
to overcome the windage and friction losses. How- 
ever, in most calculations we can neglect this small 
difference. 

Equation 17-9 shows that the torque is directly 
proportional to the active power transmitted to 
the rotor. Thus, to develop a high locked rotor 
torque, the rotor must absorb a large amount of 


windage and friction loss 


mechanical power P shaft 
¥ power 
= 







Figure 17-10 Active power flow in a 3-phase induction motor. 


3. Mechanical power. The mechanical power Pm 
developed by the motor is obviously: 
Pm= Py - Pip 
= P,-sP, 


Eq. 17-7 


whence Pm = (1-5) P, (17-8) 


4. Motor torque. The torque 7}, developed by 
the motor is given by: 


Tm = 9.55 P,/ng 


(17-9) 


active power. The latter is dissipated in the form 
of heat, consequently, the temperature of the 
rotor rises very rapidly. 


Example 17-5: 

A 3-phase induction motor having a synchronous 
speed of 1200 r/min draws 80 kW from a 3-phase 
feeder. The copper losses and iron losses in the 
stator amount to 5kW. If the motor runs at 
1152 r/min, calculate: | 
a. the active power transmitted to the rotor; 

b. the rotor JR losses: 

c. the mechanical power developed; 

d. the mechanical power delivered to the load, 
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knowing that the windage and friction losses 
are equal to 2 kW; 
e. the efficiency of the motor. 


Solution: 
a. Active power to the rotor is: 
| Pe - Pis - Pe 
= 80-5 = 75kW 
b. 1 The slip is: 
s = (n,-n)/n, = (1200 - 1152)/1200 
= 48/1200 = 0.04 
b.2 Rotor /7’R losses are: 
P= sP, = 0.04x 75 = 3kW 


G. The mechanical power developed is: 
Pm= P,-I?R losses in rotor 
= 765-3 = 72 kW 


d. The mechanical power P; delivered to the 
load is slightly less than P,, owing to the 
friction and windage losses. 

PL= Pm-Py = 72-2 = 70kW 

e. n = P./Pe = 70/80 

0.875 or 87.5% 


A 
0,342/B 
C 


P, + P,=70 kW 
600 V | 


Figure 17-11 a. 


Example 17-6: 

A 3-phase squirrel-cage induction motor, con- 
nected to a 60 Hz line, possesses a synchronous 
speed of 900r/min. The motor absorbs 40 kW, 
and the stator copper and iron losses amount to 
5 kW and 1 kW, respectively. Calculate the torque 
developed by the motor. 


Solution: 
The power transmitted across the air gap to the 


rotor Is: 
Pr, = Pe ~ Pi, - Pe 
= 40-5-1 = 34kW 
Im = 9.55 P,/n, 
= 9.55 x 34 000/900 
= 361 N-m (®© 266 ft-lb) 
Note that the solution to this problem is inde- 
pendent of the actual speed of rotation. The 
motor could be at a standstill or running at full 
speed, but as long as the power P, transmitted to 
the rotor is equal to 34 kW, the motor develops a 
torque of 361 N-m. 


Eq. 17-9 


Example 17-7: 

A 3-phase induction motor having a nominal rating 
of 100 hp (* 75 kW) is excited by a 600 V source 
(Fig. 17-11a). The two-wattmeter method shows a 
total power consumption of 70 kW, and an amme- 
ter indicates a line current of 78 A. Precise mea- 
surements give a rotor speed of 1763 r/min. In ad- 
dition, the following characteristics are known 
about the motor: 







1783 r/min 


See Example 17-7. 


stator iron losses P»=2kW 
windage and friction losses P,=1.2 kW 
resistance between two stator terminals = 0.34 Q 


Calculate: 

a. power supplied to the rotor: 

b. rotor /?R losses: 

c. mechanical power supplied to the load, in 
horsepower; 

d. efficiency; 

e. torque developed at 1763 r/min. 


Solution: 
a. 1 Power supplied to the stator is: 
Pe= 70kW; 
a.2 Stator resistance per phase (assume a wye 
connection) is: 
R = 0.34/2 = 0.17 Q; 
a.3 Stator /7R losses are: 
P= 317R =3x 0.17 x (78)? = 3.1 kW; 
a.4 Iron losses Pp = 2 kW; 
a.5 Power supplied to the rotor P, = Pe - Pig - Pr 
= (70-3.1-2) = 64.9 kW; 





Figure 17-11 b. Power flow in Example 17-7. 


b. 1 Thestlip ts: 
s = (n,-n)/n, = (1800 - 1763)/1800 
= 0.0205; 


b.2 Rotor /7R losses: 

P= SP, = 0.0205 x 64.9 = 1.33 kW; 
c. 1 Mechanical power developed is: 

Pm= P,-Pir = 64.9- 1.33 = 63.5 kW 
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c.2 Mechanical power P, to the load: 
P= 63.5-P, = 63.5-1.2 = 62.3 kW 
= 62.3x 1.34 = 83.5hp 
The previous calculations are summarized in 
Fig. 17-11b. 
d. Efficiency of the motor is: 
n = P,/Pe = 62.3/70 = 0.89 or 89% 
e. Torque at 1763 r/min: 
T = 9.55 P./n, = 9.55 x 64 900/1800 
= 344N-m 


17-14 Torque versus speed curve 


The torque a motor develops depends upon its 
speed, but the relationship between the two can- 
not be expressed by a simple equation. Conse- 
quently, we prefer to show the relationship in the 
form of a curve. Figure 17-12 shows the torque- 
speed curve of a conventional 3-phase induction 
motor whose nominal, full-load torque is 7. The 
starting torque is 1.5 7 and the maximum torque 
(called breakdown torque) is 2.5 7. 

At full load, the motor runs at a speed n. If the 
mechanical load increases, the speed will drop 
until the motor torque is again equal to the load 
torque. As soon as the two torques are in balance, 
the motor will turn at a constant but lower, speed. 
However, if the load torque exceeds 2.57, the 
motor will suddenly stop. 


breakdown torque 


2.5 T 
2T 
5S 157R@ 
gz 
| T 
0.5 7 
: 0 
! - a 60 80 100 % 
— > rotational speed i 
Ng n ny 


Figure 17-12 Typical torque-speed curve of a 3-phase squirrel-cage induction motor. 
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Small motors (10 kW and less) develop their 
maximum torque at a speed Ng of about 80% of 
synchronous speed. Big motors (1000 kW and 
more) attain their breakdown torque at about 98% 
of synchronous speed. 


17-15 Effect of rotor resistance 


If we increase the rotor resistance, the torque- 
speed curve will change. The breakdown torque is 
not affected, but it occurs at a lower speed. The 
starting torque, full-load speed, and other motor 
characteristics are also affected, as we see in the 
following example. 


Figure 17-13a shows the torque-speed curve of 
a 10 kW (13.4 hp), 50 Hz, 380 V motor having a 
synchronous speed of 1000 r/min and a full-load 
torque of 100 N-m (* 73.7 ft-lb). The full-load 
current is 20A and the locked-rotor current, 
100 A. The rotor has a nominal resistance R. 


If we increase the resistance by a factor of 2.5, 


the starting torque doubles and the locked-rotor 
current decreases from 100A to 90A (Fig. 
17-13b). The motor develops its breakdown torque 
at a speed ng of 500 r/min, compared to the origi- 
-nal breakdown speed of 800 r/min. 


lf we again double the resistance so that it be- 
comes 5, the locked-rotor torque attains a maxi- 
mum value of 250 N-m for a corresponding cur- 
rent of 70 A (Fig. 17-13c). A further increase in 


rotor resistance decreases both the locked-rotor — 


torque and locked-rotor current. For example, if 
the rotor resistance is increased 25 times (25 R), 
the locked-rotor current drops to 20 A, but the 
motor develops the same _ starting torque 
(100 N-m), as it did when the locked-rotor current 
was 100 A (Fig. 17-13d). 

To sum up, a high rotor resistance is desirable 
because it produces a high starting torque and a 
relatively low starting current (Fig. 17-13c). Un- 
fortunately, it also produces a rapid fall-off in 
speed with increasing load. Furthermore, because 
the slip at rated torque is high, the rotor /7R losses 


are high. The efficiency is low and the motor tends 
to get hot. 

Under running conditions, it is preferable to use 
a low rotor resistance (Fig. 17-13a). The speed de- 
creases much less with increasing load, and the slip 
at rated torque is small. Consequently, the effi- 
ciency is high and the motor tends to run cool. 

We can obtain both a high starting resistance 
and a low running resistance by designing the rotor 
bars in a special way (Sec. 18-3.2). However, if the 
rotor resistance has to be varied over a wide range, 
it may be necessary to use a wound-rotor induc- 
tion motor. Such a motor enables us to vary the 
rotor resistance at will by means of an external 
rheostat. 


17-16 Wound-rotor motor 


We explained the basic difference between a 
squirrel-cage motor and a wound-rotor motor in 
Sec. 17-1. Although the wound-rotor motor costs 
more than a squirrel-cage motor does, it offers the 
following advantages: 

1. The locked-rotor current can be drastically re- 
duced by inserting three external resistors in 
series with the rotor. Nevertheless, the locked- 
rotor torque is still as high as that of a squirrel- 
Cage motor; 

2. The speed can be varied by varying the external 
rotor resistors; 

3. The motor is ideally suited to accelerate high- 
inertia loads, which require a long time to come 
up to speed. 

Figure 17-14 is a schematic diagram of the cir- 
cuit used to start a wound-rotor motor. The rotor 
windings are connected to three wye-connected 
external resistors by means of a set of slip-rings 
and brushes. Under locked-rotor (LR) conditions, 
the variable resistors are set to their highest value. 
As the motor speeds up, we gradually reduce the 
resistance until full-load speed is reached, where- 
upon the brushes are short-circuited. By properly 
selecting the resistance values, we can produce a 
high accelerating torque with a stator current 
that never exceeds twice full-load current. 


(a) 
normal rotor 
resistance 
= R 


(b) 
rotor 
resistance 
=2.5R 


(c) 
rotor 
resistance 

=5R 


(d) 
rotor 
resistance 
=25R 
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Figure 17-13 Rotor resistance affects the motor characteristics. 
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DERIVATION OF SOME FUNDAMENTAL INDUCTION MOTOR EQUATIONS 


We have explained the torque, power, and slip of an induction 
motor in terms of the interaction between the induced rotor 
current and the magnetic field created by the stator. The be- 
havior of the induction motor is, however, dictated by an 
even more fundamental principle which may be described as 
follows. 

Consider a permanent magnet that can be rotated around 
a rotor. The rotor is made of a material that produces losses 
when subjected to a varying magnetic field. Specifically, 
these losses may be due to eddy currents, hysteresis, or a 
combination of the two. 

Let us rotate the magnet clockwise at a constant speed Ng 
[r/min] while keeping the rotor locked. The resulting rotor 
losses Pir [W] are entirely converted into heat. Obviously, 
the heat is produced at the expense of the mechanical power 
Pmec required to turn the magnet. Furthermore, to rotate 
the magnet, we must exert a torque 7 [N-m]. We can there- 
fore write: 

Pir = Pmec nsT/9.55 Eq. 3-5 

a 9.55 Pir/ng 


Now, from Newton's third law we know that to every 
action there is an equal and opposite reaction. Consequently, 
the torque we exert on the magnet is exactly equal to the 
torque which the magnet exerts on the rotor. Furthermore, 
according to the same law, the torque tends to rotate the 
rotor in the same direction as the magnet. The locked rotor 
torque developed by the rotor is therefore given by: 

T = 9.55 Pj-/ng 
We conclude that the locked rotor torque is proportional to 
the power dissipated in the rotor, and inversely proportional 
to the speed of the revolving field. 


Suppose, now, that the rotor is allowed to rotate while 
driving a load. Let it turn at a constant speed n, while the 
magnet continues to turn at the original constant speed Ng. 
Losses Pir will still occur in the rotor, but they will usually be 
different from their locked-rotor value. Finally, suppose the 
rotor develops a torque 7p. Referring to the figure, and 
based upon Sec. 3-11, we can write the following équations: 


Tm = TL, otherwise the rotor speed 7 will change; 
T, = T,, otherwise the magnet speed 7, will change; 
T, = Tym, because of Newton’s third law of motion. 


Consequently, 7, = T, = TL = Tm 


The power P, [W] transmitted to the rotor is obviously 
equal to the power required to drive the magnet. Thus: 
P = AsT ,/9.55 = AsT,/9.55 = NgTm/9.55 
we can therefore write: 
Tm = 9.55 P,/ng Eq. 17-9 


The mechanical power Py, delivered to the load is: 
Pm = nTL/9.55 = nT /9.55 
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If the new rotor losses are Pir, then according to the law 
of conservation of energy, the power P, transmitted to the 
rotor must be: 

Pp = Pm + Pir 
substituting, we have: 

AgsTm/9.55 = nTp/9.55 + Pir 

(ns -n) 9.55 P-/n, = 9.55 Pir 

_ (ag -2n) 


P= i P 
J Ng r 


In an induction motor the revolving magnet is replaced by 
a rotating field, but the effect on the rotor is identical. In 
effect, the rotor has no way of “Knowing” whether the field 
is due to a revolving magnet or to a 3-phase stator. Conse- 
quently, the equations developed here are basic. The reader 
will note that the relationships are independent of the me- 
chanism producing the rotor losses, so long as they are due to 
a revolving field. Equations 17-7, 17-8 and 17-9 are therefore 
fundamental: they apply no matter how the rotor is con- 
structed or of what material it is made. 


To start large motors, we often use liquid rheo- 
stats because they are easy to control and have a 
large thermal capacity. A liquid rheostat is com- 
posed of three electrodes immersed in a suitable 
electrolyte. To vary its resistance, we simply vary 
the level of the electrolyte surrounding the elec- 
trodes. The large thermal capacity of the electro- 
lyte limits the temperature rise. For example, a 
liquid rheostat is typically used with a 1260 kW 
wound-rotor motor to bring a large synchronous 
motor up to speed. 


3-phase stator 


source lL 
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17-17 Three-phase windings 


In 1883, a 27-year old Yougoslav scientist named 
Nikila Tesla invented the three-phase induction 
motor. His first model had a pole-type stator wind- 
ing similar to the one shown in Fig. 17-6. Since 
then, the design of induction motors has evolved 
considerably; modern machines are built with so- 
called /ap windings distributed in slots around the 
stator. | 

A \ap winding consists of a set of phase groups 






starting rheostat and 
speed controller 


Figure 17-14 External resistors connected to the 3 slip rings of a wound-rotor induction motor. 


We can also regulate the speed of a wound-rotor 

motor by varying the resistance of the rheostat. As 
we increase the resistance, the speed will drop. 
This method of speed control has the disadvantage 
that a lot of heat is dissipated in the resistors; the 
efficiency is therefore low. Furthermore, for a 
given rheostat setting, the speed varies consider- 
ably if the mechanical load varies. 
- The power of a wound-rotor motor depends 
upon its speed. Thus, for the same temperature 
rise, a motor which can develop 100 kW at 
1800 r/min will deliver only about 40 kW at 
900 r/min. 

If we have to vary the speed of a very large 
motor, the continual power loss in the external re- 
sistors becomes unacceptable. Under these circum- 
stances, we use electronic converters which, in- 
stead of wasting the rotor energy, pump it back 
into the 3-phase system (see Chapter 25). 


evenly distributed around the stator circumference. 
The number of groups is given by the equation: 
groups = poles x phases 

Thus, a 4-pole 3-phase stator must have 4 x 3=12 
phase groups. Because a group must have at least 
one coil, it follows that the minimum number of 
coils is equal to the number of groups. A 4-pole, 
3-phase stator must therefore have at least 12 coils. 
Furthermore, in a lap winding, the stator has as 
many slots as it has coils. Consequently, a 4-pole,. 
3-phase stator must have at least 12 slots. How- 
ever, motor designers have discovered that it is 
preferable to use 2, 3, or more coils per group 
rather than only one. The number of coils and 
slots increases in proportion. For example, a 
4-pole, 3-phase stator having 5 coils per group 
must have a total of (4 x 3x 5) = 60 coils, lodged 
in 60 slots. The coils in each group are connected 
in series and staggered at one-slot intervals (Fig. 
17-15). 
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one slot 
pitch 





5 coils per group 


1 2 


Figure 17-15 The 5 coils are connected in series to cre- 
ate one phase group. 


Such a distributed winding is obviously more 
costly to build than a concentrated winding having 
only 1 coil per group. However, it improves the 
starting torque and reduces the noise under normal 
running conditions. The coils are identical and 
May possess one or more turns. The width of each 
coil is called the co// pitch. 

When the stator windings are excited from a 
3-phase source, a multipole revolving field is pro- 
duced. The width of one pole is called the pole 
pitch, \t is equal to the internal circumference of 
the stator divided by the number of poles. For ex- 
ample, a 12-pole stator having a circumference of 
600 mm has a pole pitch of 600/12 or 50 mm. In 
practice, the coil pitch is between 80% and 100% 
of the pole pitch. The coil pitch is usually less than 
the pole pitch in order to save copper and to im- 
prove the flux distribution in the air gap. The 
shorter coil width results in lower cost and weight, 
while the more sinusoidal flux distribution im- 
proves the torque during start-up, and often results 
in a quieter machine. In the case of two-pole ma- 
chines, the shorter pitch also makes the coils much 
easier to insert in the slots. 

To get an overall picture of a lap winding, let us 
consider a 24-slot stator laid out flat as shown in 
Fig. 17-16a. The 24 coils are held upright, with 
one coil-side standing in each slot. If the windings 
are now laid down so that all the other coil sides 
fall into the slots, we obtain the classical appear- 
ance of a 3-phase lap winding (Fig. 17-16b). The 
coils are connected together to create 3 identical 
windings, one for each phase. Each winding con- 


slot number 2 


Figure 17-16 a. Coils held upright in stator slots. 


\ \ 
20 21 22 23 24 12-3 4 56 6 7 


Figure 17-16 b. Coils laid down to make a typical lap 
winding. 


sists of anumber of groups equal to the number of 
poles. Finally, the groups of each phase are sym- 


metrically distributed around the circumference of 


the stator. 


Example 17-8: 

The stator of a 3-phase, 10-pole induction motor 

possesses 120 slots. If a lap winding is used, calcu- 

late: 

a. the total number of coils: 

b. the number of coils per phase; 

c. the number of coils per group; 

d. the pole pitch; : 

e. the coil pitch (expressed as a percent of the 
pole pitch), if the coil width extends from slot 
1 to slot 11. 


Solution: 
a. A 120-slot stator requires 120 coils. 
b. Coils per phase = 120+3 = 40. 
c.1 Number of groups per phase = number of 
poles = 10. 
c.2 Coils per group = 40+10 = 4. 
d. The pole pitch corresponds to: 
pole pitch = slots/poles = 120/10 
= 12 slots. 
The pole pitch extends therefore from slot 1 
(say) to slot 13. 
e. The coil pitch covers 10 slots (slot 1 to slot 


11). The percent coil pitch = 10/12 = 83.3%. 

The next example shows in greater detail how 

the coils are interconnected in a typical 3-phase 
stator winding. 


Example 17-9: 

A stator having 24 slots has to be wound with a 3: 
phase, 4-pole winding. Determine: 

a. the connections between the coils; 

b. the connections between the phases. 


Solution: 

The winding has 24 coils. Assume that they are 

standing upright, with one coil-side in each slot. 

We shall first determine the coil distribution for 

phase A and then proceed with the connections. 

Similar connections are made for phases B and C. 

Here is the line of reasoning to follow: 

a. The revolving field creates 4 poles; the motor 
therefore has 4 groups per phase, or 12 phase 
groups in all. Each rectangle in Fig. 17-17a rep- 


on group of one phase 
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resents one group. Because the stator contains 
24 coils, each group consists of 24/12 = 2 con- 
secutive coils. In effect, we have a distributed 
winding composed of 2 coils per phase group. 


_ The groups of each phase must be uniformly 


spaced around the stator. The group distribu- 
tion for phase A is shown in Fig. 17-17b. Each 
rectangle represents 2 upright coils connected 
in series, producing the two terminals shown. 
Note that the mechanical distance between two 
successive groups always corresponds to an e/ec- 
trical phase angle of 180°. 


_ Successive groups must have opposite polarities. 


Consequently, the 4 groups of phase A are con- 
nected in series to produce successive N-S-N-S 
poles (Fig. 17-17c). The groups could be con- 
nected in parallel, or in series-parallel, so long as 
the N-S-N-S sequence is respected. Phase A now 
has two terminals, a “starting” terminal A, and 
a ‘finishing’ terminal Ap. 


i group is composed of two coils in series 


THB RHERGOEoo 


Figure 17-17 a. 





mat (electrical) >| 


A 





Coils connected in series two-by-two to make 12 groups. 


A 
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Figure 17-17. b. The 4 groups of phase A are evenly spaced from each other. 


start of phase A 





Figure 17-17 c. The groups of phase A are connected in series to create alternate N-S poles. 
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. The phase groups of phases B and C are spaced 
the same way around the stator. However, the 
“starting’’ terminals B, and C, are respectively 
located at 120° and 240° (electrical) with re- 
spect to the starting terminal of phase A (Fig. 
17-17d). 


. The groups in phases B and C are connected in 
series in the same way as those of phase A are 
(Fig. 17-17e). This yields six terminals: A,A>, 
B,Bz and C,C,. They may be connected either 
in wye or in delta. The 3 wires corresponding to 
the 3 phases are brought out to the terminal 
box of the machine (Fig. 17-17f). In practice, 


start of phase B 


| lf 

















the connections are made, not while the coils 
are upright (as shown) but only after they are 
laid down in the slots. 


f. Because the pole pitch corresponds to a breadth 
of 24/4 = 6 slots, the coil pitch may be short- 
ened to 5 slots (slot 1 to slot 6). Thus, the first 
coil of phase A is lodged in the first and sixth 
slots (Fig. (17-18). All the other coils and con- 
nections follow suit, according to Fig. 17-17e. 
Figures 17-19 and 17-20 show the coil and 

stator of a 450 kW (600 hp) induction motor. Fig- 

ure 17-21 illustrates the procedure used in winding 

a smaller 37.5 kW (50 hp) stator. 


start of phase C 
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Figure 17-17 d. Start of phases B and C begins 120° and 240° after phase A. 





Figure 17-17 f. The phases may be connected in wye or in delta and 3 leads are brought out to the terminal box. 
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one group of phase A 


one group 
of phase B 


Figure 17-19 


Stator of a 3-phase, 450 kW, 1180 r/min, 575 V, 
60 Hz induction motor. The lap winding is composed 
of 108 preformed coils having a pitch from slots 1 to 
15. One coil side falls into the bottom of a slot and 
the other at the top. Rotor diameter: 500 mm; axial 
length; 460 mm. (H. Roberge) 





Figure 17-20 


Closeup view of the preformed coil in Fig. 17-19. 
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Figure 17-21 Stator winding of a 3-phase, 50 hp, 575 V, 60 Hz, 1765 r/min induction motor. The stator possesses 48 


slots carrying 48 coils. 

a. Coil made of 27 turns # 15 copper wire, covered with a high-temperature polyimide insulation, ready to 
be placed into 2 slots. 

b. One coil-side is threaded into slot 1 (say) and the other side goes into slot 12. The coil-pitch is therefore 


from 1 to 12. 
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c. Each coil-side fills half a slot, and is covered with a paper spacer so that it does not touch the second 
coil-side placed in the same slot. The photograph shows 3 empty and uninsulated slots and 4 empty slots 
insulated with a composition paper liner. The remaining 10.slots each carry one coil-side. 

d. A varnished cambric cloth, cut in the shape of a triangle, provides extra insulation between adjacent 


phase groups. (E/ectro-Mecanik) 
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17-18 Sector motor 


Consider astandard 3-phase, 4-pole, wye-connected 
motor having a synchronous speed of 1800 r/min. 
Let us cut the stator in half, so that half the wind- 
ing is removed and only two complete N and S 
poles are left. Next, let us connect the three phases 
in wye, without making any other changes to the 
existing coil connections. Finally, we mount the 
original rotor above this sector stator, leaving a 
small air gap (Fig. 17-22). 





Figure 17-22 Two-pole sector induction motor. 


if we connect the stator terminals to a 3-phase, 
60 Hz source, the rotor again turns at close to 
1800 r/min. To prevent saturation, the voltage 
should be reduced to half its original value because 
the stator winding now has only one-half the origi- 
nal number of turns. Under these conditions, this 
remarkable truncated, sector motor still develops 
about 30 percent of its original rated power. 

The sector motor produces a “revolving” field 
‘that moves at the same peripheral speed as the flux 
in the original 3-phase motor. However, instead of 
making a complete turn, the field simply travels 
continuously from one end of the stator to the 
other. 


17-19 Linear induction motor 


It is obvious that the sector stator could be laid 
out flat, without affecting the shape or speed of 
the magnetic field. Such a flat stator produces a 


field that moves at constant speed, in a straight 
line. Using the same reasoning as in Sec. 17-5, we 
can prove that the flux travels at a linear synchro- 
nous speed given by: 


vs = linear synchronous speed [m/s] 

width of one pole-pitch [m] 

frequency [Hz] 

Note that the speed does not depend upon the 
number of poles but only on the pole-pitch. Thus, 
it is possible for a 2-pole linear stator to create a 
field moving at the same speed as that of a 6-pole 
linear stator (say), provided may have the same 
pole-pitch. 

If a flat squirrel-cage winding is brought near 
the flat stator, the travelling field drags the squirrel 
cage along with it (Sec. 17-2). In practice, we gen- 
erally use a simple aluminum or copper plate as a 
“rotor” (Fig. 17-23). Furthermore, to increase the 
power and to reduce the reluctance of the mag- 
netic path, two flat stators are usually mounted, 
face-to-face, on opposite sides of the aluminum 
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Figure 17-23 Components of a 3-phase linear induction 
motor. 


plate. The combination is called a /inear induction 
motor. The direction of the motor can be reversed 
by interchanging any two stator leads. 


In many practical applications, the rotor is sta- 
tionary, while the stator moves. For example, in 
some high-speed trains, the rotor is composed of 
a thick aluminum plate fixed to the ground ex- 
tending over the full length of the track. The linear 
stator is bolted to the undercarriage of the train 
and straddles the plate. Train speed is varied by 
changing the frequency applied to the stator (Fig. 
17-27). 


Example 17-10: 

The stator of a linear induction motor is excited 
from a 75 Hz electronic source. If the distance be- 
tween consecutive phase groups of phase A is 


300 mm, calculate the linear speed of the magnet- 
ic field. 


Solution: 
The pole pitch is 300 mm. Consequently, 
vs = 2wf Eq. 17-10 
2x 0.3 x 75 
45 m/s or 162 km/h 


17-20 Traveling waves 


We are sometimes left with the impression that 
when the flux reaches the end of a linear stator, 


there must be a delay before it “returns”’ to restart 


once more at the beginning. This is not the case. 
The linear motor produces a traveling wave of flux 
which moves continuously and smoothly from one 
end of the stator to the other. Figure 17-24 shows 
how the flux moves from left to right in a 2-pole 
linear motor. The flux cuts off sharply at extremi- 
ties A, B of the stator. However, as fast as a N pole 
“disappears’’ at the right, it builds up again at the 
left. 


17-21 Properties of a linear induction motor 


The properties of a linear induction motor are al- 
most identical to those of a standard rotating ma- 
chine. Consequently, the equations for slip, thrust, 
power, etc., are also very similar. 
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Figure 17-24 


3-phase stator a 


B 





Shape of the magnetic field created by a 
2-pole, 3-phase linear stator, over one com- 
plete cycle. The successive frames are sepa- 
rated by an interval of time equal to 1/6 
cycle or 60°. 
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1. Slip. Slip is defined by: 


s = slip 


vs = synchronous linear speed [m/s] 
speed of rotor (or stator) [m/s] 


(17-11) 


S 
II 


2. Active power flow. Referring to Fig. 17-10, ac- 
tive power flows through a linear motor in the 
same way it does through a rotating motor, except 
that the stator and rotor are flat. Consequently, 
Eqs. 17-6, 17-7 and 17-8 apply to both types of 
machines: 


t= PP. Eq. 17-6 
Py, = SP, Eq. 17-7 
Pm = (1-s)P, Eq. 17-8 
3. Thrust. The thrust or force developed by a 


linear induction motor is given by: 


F = thrust [N] 
P,. = power transmitted to the rotor [W] 
linear synchronous speed [m/s] 


(17-12) 
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Example 17-11: 

An overhead crane in a factory is driven horizon- 
tally by means of two linear induction motors 
whose “‘rotors’”’ are the two steel I-beams upon 
which the crane rolls. The 3-phase, 4-pole linear 
stators (mounted on opposite sides of the crane 
and facing the respective webs of the I-beams) have 
a pole pitch of 8 cm and are driven by a variable- 
frequency electronic source. During a test on one 
of the motors, the following results were obtained: 


Stator frequency: 15 Hz 

Power to stator: 5 kW 

Copper loss and iron loss in stator: 1kW 

Crane speed: 1.8 m/s 
Calculate: 


a. synchronous speed and slip; 


b. power to the rotor; 
c. I?R loss in rotor: 
d. mechanical power and thrust. 


Solution: 
a. 1 Linear synchronous speed is: 
Ve = 2wf Eq. 17-10 
= 2x 0.08 x 15 
= 2.4 m/s 
a.2 5s (vs - v)/Vg Eq. 17-11 
= (2.4 - 1.8)/2.4 
= 0.25 | 
b. Power to rotor: 
P, = Pe-Pis - Pe (see Fig. 17-10) 
= 5-1 
= 4kW 
Cc. I’R loss in rotor: 
Pip = SPr Eq. 17-7 
= 0.25x 4 
= 1kW 
d. 1 Mechanical power: 
Pm= P, - Pip (Fig. 17-10) 
= 4-1 
= 3kW 
d.2 Thrust: 
Fo = Pdi. Eq. 17-12 
= 4000/2.4 


= 1666N = 1.67 KN (© 375 Ib) 
17-22 Magnetic levitation 


In Sec. 17-2, we saw that a moving permanent 
magnet, sweeping across a conducting ladder, 
tends to drag the ladder along with the magnet. We 
will now show that this horizontal tractive force is 
also accompanied by a vertical force which tends 
to push the magnet away from the ladder. 
Referring to Fig. 17-25, suppose that the center 
of the N pole of the magnet is sweeping across the 
top of conductor 2. The voltage induced in this 
conductor is maximum because the flux density is 
greatest at the center of the pole. If the magnet 
moves very slowly, the resulting induced current 
reaches /ts maximum value at virtually the same 


time. This current, returning by conductors 1 and 


3, creates magnetic poles NNN and SSS as shown 


in Fig. 17-25. According to the laws of attraction 
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Figure 17-25 Currents and magnetic poles at low speed. 


and repulsion, the front half of the magnet is re- 
pelled upwards while the rear half is attracted 
downwards. Because the distribution of the NNN 
and SSS poles is symmetrical with respect to the 
center of the magnet, the vertical forces of attrac- 
tion and repulsion are equal, and the resulting 
force is nil. Consequently, there is only a horizon- 
tal tractive force. 

But now, suppose that the magnet moves very 
rapidly. Owing to coil inductance, the current in 
conductor 2 reaches its maximum value a fraction 
of a second after the voltage has attained /ts 
maximum. Consequently, by the time the current 
in conductor 2 is maximum, the center of the mag- 
net is already some distance ahead of the conduc- 
tor (Fig. 17-26). The current returning by conduc- 





Figure 17-26 Currents and magnetic poles at high speed. 


tors 1 and 3 again creates NNN and SSS poles; 
however, the N pole of the magnet is now directly 
above a NNN pole, with the result that a strong 
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vertical force tends to push the magnet upwards.~ 


This effect is called the principle of magnetic /evi- 
tation. 

Magnetic levitation is used in some ultra-high- 
speed trains that glide on a magnetic cushion rath- 
er than on wheels. A powerful electromagnet, 
fixed underneath the train, moves across a con- 
ducting rail inducing currents in the rail, in the 
same way as in our ladder. The force of levitation 
is always accompanied by a small horizontal 
braking force which must, of course, be overcome 
by the motor that propels the train. See Figs. 
17-27 and 17-28. 


QUESTIONS AND PROBLEMS 
Practical level 


17-1 Name the principal components of an induc- 
tion motor. 

17-2 Explain how a revolving field is set up in 3- 
phase induction motor. ) 

17-3 If we double the number of poles on the 
stator of an induction motor, will its syn- 
chronous speed also double? 

17-4 The rotor of an induction should never be 
locked while full voltage is being applied to 
the stator. Explain. 

17-5 Why does the rotor of an induction motor 
turn slower than the revolving field? 

17-6 What happens to the rotor speed and current 
when the mechanical load on an induction 
motor increases? 


* The current is always delayed (even at low speeds) by 
an interval of time At, which depends upon the L/R 
time constant of the rotor. This delay is so brief that, 
at low speeds, the current reaches its maximum at vir- 
tually the same time and place as the voltage does. On 
the other hand, at high speeds, the same delay Af 
produces a significant shift in space between the 
points where the voltage and current reach their re- 
spective maximum values. 
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Figure 17-27 


This 17 t electric train is driven by a linear motor. The motor consists of a stationary rotor and a flat stator fixed to the 
undercarriage of the train. The rotor is the vertical aluminum plate mounted in the center of the track. The 3-tonne stator 
is energized by a 4.7 MVA electronic dc to ac inverter whose frequency can be varied from zero to 105 Hz. The motor de- 
velopeds a maximum thrust of 35 kN (* 7800 Ib) and the top speed is 200 km/h. Direct current power at 4 kV is fed into 
the inverter by means of a brush assembly in contact with 6 stationary dc bus bars mounted on the left-hand side of the 
track. 

Electromagnetic levitation is obtained by means of a superconducting electromagnet. The magnet is 1300 mm long, 
600 mm wide and 400 mm deep and weighs 500 kg. The coils of the magnet are maintained at a temperature of 4 K by the 
forced circulation of liquid helium. The current density is 80 A/mm? and the resulting flux density is 3 T. The vertical 
force of repulsion attains a maximum of 60 KN and the vertical gap between the magnet and the reacting metallic track 
varies from 100 mm to 300 mm depending on the dc current. (Siemens) 










0 to 105 Hz 
inverter 


guide and support 
wheels 


brush assembly for power 
input, from 4 kVdc source 
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superconducting electromagnet 
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linear motor 
(stator) 


conducting plate 
(rotor) 


Figure 17-28 Cross section view of the main components of the high-speed train shown in Fig. 17-27. (Siemens) 


17-7. Would you recommend using a 50 hp induc- 
tion motor to drive a 10 hp load? Explain. 

17-8 Give two advantages of a wound-rotor motor 
over a squirrel-cage motor. 

17-9 Both the voltage and frequency induced in 
the rotor of an induction motor decrease as 
the rotor speeds up. Explain. 

17-10 A 3-phase, 20-pole induction motor is con- 
nected to a 600 V, 60 Hz source. 

a. What is the synchronous speed? 

b. If the voltage is reduced to 300 V, will 
the synchronous speed change? 

c. How many groups are there, per phase? 

17-11 Describe the principle of operation of a 
linear induction motor. 

17-12 Calculate the approximate values of starting 
current, full-load current and no-load cur- 
rent of a 150 horsepower, 575 V, 3-phase in- 
duction motor. 

17-13 Make a drawing of the magnetic field 
created by a 3-phase, 12-pole induction 
motor. 

17-14 How can we change the direction of rota- 
tion of a 3-phase induction motor? 


Intermediate level 


17-15 a. Calculate the synchronous speed of a 3- 
phase, 12-pole induction motor excited 
by a 60 Hz source. 

b. What is the nominal speed if the slip at 
full load is 6 percent? 

17-16 A 3-phase 6-pole induction motor is con- 
nected to a 60 Hz supply. The voltage in- 
duced in the rotor bars is 4 V when the rotor 
is locked. Calculate the voltage and frequen- 
cy induced: 

a. at 300 r/min; 
b. at 1000 r/min; 
c. at 1500 r/min. 
17-17 a. Calculate the approximate values of full- 
load current, starting current and no- 
load current of a 75 kW, 4000 V, 3- 
phase, 900 r/min induction motor. 
b. Calculate the nominal full-load speed 
and torque knowing that the slip is 2 
percent. 

17-18 A 3-phase, 75 hp, 440 V induction motor 

has a full-load efficiency of 91% and a power 
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factor of 83%. Calculate the nominal current 

per phase. 

17-19 An open-circuit voltage of 240 V appears 
across the slip-rings of a wound rotor induc- 
tion motor when the rotor is locked. The 
stator has 6 poles and is excited by a 60 Hz 
source. If the rotor is driven by a variable- 
speed dc motor, calculate the open-circuit 
voltage and frequency across the slip-rings if 
the dc motor turns: 

a. at 600r/min, in the same direction as 
the rotating field; 

b. at 900 r/min, in the same direction as 
the rotating field; 

c. at 3600 r/min, opposite to the rotating 
field. 

17-20 a. Referring to Fig. 17-7, calculate the ins- 
tantaneous values of Jz, /p and /, for an 
angle of 150°. 

b. Determine the actual direction of cur- 
rent flow in the three phases at this in- 
tant and calculate the mmf developed 
by the windings. 

c. Does the resulting mmf point in a direc- 
tion intermediate between the mmf'’s 
corresponding to instants 3 and 4? 

17-21 A 3-phase lap-wound stator possessing 72 
slots, produces a synchronous speed of 
900 r/min when connected to a 60Hz 
source. Calculate the number of coils per 
phase group as well as the probable coil 
pitch. Draw the complete coil connection 
diagram, following steps (a) to (f) in Fig. 
17-17. 

17-22 The 3-phase 4-pole stator of Fig. 17-21 has 
an internal diameter of 250mm and a 
stacking (axial length) of 200 mm. If the 
maximum flux density per pole is 0.7 T, cal- 
culate: 

a. the peripheral speed [m/s] of the re- 
volving field when the stator is con- 
nected to a 60 Hz source; 

b. the peak voltage induced in the rotor 
bars; 

c. the pole pitch. 


17-23 A large 3-phase, 4000 V, 60 Hz squirrel- 
cage induction motor draws a current of 
385 A and a total active power of 2344 kW 
when operating at full load. The corre- 
sponding speed is accurately measured and 
is found to be 709.2 r/min. The stator is 


connected in wye and the resistance between 
two stator terminals is 0.10 0&2. The total 
iron losses are 23.4 kW and the windage and 
friction losses are 12 kW. Calculate: 
a. the power factor at full load; 
b. the active power supplied to the rotor; 
c. the total /7R losses in the rotor; 
d. the load mechanical power [kW], 

torque [kKN-m] and efficiency [%] . 

17-24 If we increase the rotor resistance of an in- 
duction motor, what effect does this have 
(increase or decrease) upon: 

a. starting torqued. efficiency 

b. starting current e. power factor 

c. fullload speed f. motor temperature 
17-25 Explain the principle of magnetic levitation. 


Advance /[evel; 


17-26 In Fig. 17-5, the permanent magnet has a 
width of 100 mm and moves at 30 m/s. The 
flux density in the air-gap is 0.5 T and the 
effective resistance per rotor bar is 1 mQ. 
Calculate the current / and the tractive force. 

17-27 If the conducting ladder in Fig. 17-5 is 
pulled along with a force of 20 N, what is 
the braking force exerted on the magnet? 


17-28 A 3-phase, 5000 hp, 6000 V, 60 Hz 12- 
pole wound rotor induction motor turns at 
594 r/min. What are the approximate rotor 
I’R losses? 
17-29 The motor in problem 17-28 has the fol- 
lowing characteristics: 
1. de resistance between stator terminals 
= 0.112 Q at 17°C 
2. dc resistance between rotor slip-rings 
= 0.0073 2 at 17°C 
3. open-circuit voltage induced between 
slip-rings with rotor locked 
= 1600 V 


4. line-to-line stator voltage 


= 6000 V 

5. no-load current, per phase 
= 100A 

6. active power supplied to motor at no-load 
= 91 kW 

7. windage and friction losses 
= 51 kW 

8. iron losses in the stator 
= 39 kW 

9. locked rotor current at 6000 V 
= 1800 A 

10. active power to stator with rotor locked 

= 2207 kW 


Calculate: 

a. rotor and stator resistance per phase at 
75°C (assume a wye connection): 

b. voltage and frequency induced in the 
rotor when it turns at 200 r/min and at 
594 r/min; 

c. reactive power used to create the re- 
volving field, at no-load; 

d. I?R losses in the stator when the motor 
runs at no-load (winding temperature 
75°C); 

e. active power supplied to the rotor at no- 
load; 


17-30 Referring to the motor described in Prob- 


lem 17-29, calculate, under full-voltage LR 
(locked rotor) conditions: 
a. reactive power absorbed by the motor; 
. I’R losses in the stator; 
active power supplied to the rotor; 
. mechanical power output; 
. torque developed by the rotor. 
We wish to control the speed of the motor 
given in Problem 17-29 by inserting resistors 


7Q208 


THREE-PHASE INDUCTION MOTORS 327 


in series with the rotor (see Fig. 17-14). If 

the motor has to develop a torque of 

20 kN-m at a speed of 450 r/min, calculate: 

a. voltage between the slip rings; 

b. rotor resistance, per phase and the total 
power dissipated; 

Cc. approximate rotor current, per phase. 


17-32 The train shown in Fig. 17-27 moves at 


200 km/h when the stator frequency is 
105 Hz. By supposing a negligible slip, calcu- 
late the length of the pole-pitch of the linear 
motor [mm]. 


17-33 A 3-phase, 300kW, 2300V, 60 Hz, 


1780 r/min induction motor is used to drive 
a compressor. It has a full-load efficiency 
and power factor of 92% and 86%, respec- 
tively. If the terminal voltage rises to 2760 V 
while the motor operates at full load, deter- 
mine the effect (increase or decrease) upon: 
mechanical power delivered by the motor; 
. motor torque; — 

rotational speed; 

. full-load current; 

power factor and efficiency; 

starting torque; 

starting current; 

. breakdown torque; 

motor temperature rise; 

flux per pole; 

. exciting current; 

iron losses. 


PSP Sse so eh oe a 


17-34 A 3-phase, 60 Hz linear induction motor 


has to reach a top no-load speed of 12 m/s 
and it must develop a standstill thrust of 
10 kN. Calculate the required pole-pitch and 
the minimum J?R loss in the rotor, at stand- 
still. 





SELECTION AND 
APPLICATION 

OF THREE-PHASE 
INDUCTION 
MOTORS 


When purchasing a three-phase induction motor 
for a particular application, we often discover that 
several types can fill the need. Consequently, we 
have to make a choice. The selection is generally 
simplified because the manufacturer of the lathe, 
fan, pump, and so forth indicates the type of 
motor which is best suited to drive the load. Nev- 
ertheless, it is useful to know something about the 
basic construction and characteristics of the vari- 
ous types of three-phase induction motors that are 
available on the market. 

In this chapter, we also cover some special ap- 
plications of induction machines, such as asyn- 
chronous generators and frequency converters. 
These interesting devices will enable the reader to 
gain an even better understanding of induction 
motors in general. 


18-1 Standardization and classification 
of induction motors! 


The frames of all industrial motors motors under 
500 hp have standardized dimensions. Thus, a 
25 hp, 1725 r/min, 60 Hz motor of one manufac- 
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turer can be replaced by that of any other manu- 
facturer, without having to change the mounting 
holes, the shaft height, or the type of coupling. 
The standardization covers not only frame sizes, 
but also establishes limiting values for electrical, 
mechanical and thermal characteristics. Thus, 
motors must satisfy minimum requirements as to 
starting torque, locked-rotor current, overload 
Capacity, and temperature rise. 


18-2 Classification according to environment 
and cooling methods 


Motors are grouped into several distinct categories, 
depending upon the environment in which they 
have to operate. We shall limit our discussion to 
five important classes. 


1 Standards in the United States are governed by Na- 


tional Electrical Manufacturers (NEMA) publication 
MG-1 titled Motors and Generators. 

Standards in Canada are similarly governed by Cana- 
dian Standards Association (CSA) publication C 154. 
The two standards are essentially identical. 
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1. Drip-proof motors. The frame protects the 
windings against liquid drops and solid particles 
which fall at any angle from 0 to 15 degrees down- 
ward from the vertical. The motors are cooled by 
means of a fan directly coupled to the rotor. Cool 
air, drawn into the motor through vents in the 
frame, is blown over the windings and then ex- 
pelled. The maximum allowable temperature rise 
(measured by the change in winding resistance) 
may bc 60°G, so°s, 105°, or 425°C according to 
whether the windings possess class A, B, F, or H 
insulation. Drip-proof motors can be used in most 
locations (see Fig. 18-1). 





Figure 18-1 Energy efficient drip-proof, 3-phase squirrel- 
cage induction motor rated 230 V/460 V, 
3 hp, 1750 r/min, 60 Hz. (Gould) 


2. Splash-proof motor. The frame protects the 
windings against liquid drops and solid particles 
which fall at any angle from O to 100 degrees 
downward from the vertical. Cooling is similar to 
that in drip-proof motors and the maximum tem- 
perature rise is also the same. These motors are 
mainly used in wet locations. 


3. Totally enclosed, nonventilated motors. These 
machines have closed frames which prevent the 
free exchange of air between the inside and the 


outside of the case. They are designed for very wet 
and dusty locations. Most of these motors are 
rated below 10 kW because it is difficult to get rid 
of the heat. The motor losses are dissipated by nat- 
ural convection and radiation from the frame. The 
permissible temperature rise is 65°C, 85°C, 110°C 
or 130°C according to whether the windings pos- 
sess class A, B, F or H insulation (see Fig. 18-2). 


4. Totally enclosed, fan-cooled motors. Medium - 
and high-power motors that are totally enclosed 
are usual!’ cooled by an external blast of air. An 
external ran, directly coupled to the shaft, blows 





Figure 18-2 Totally enclosed induction motor for a cen- 
trifugal pump. (Brook Crompton-Parkinson 
Ltd) 


air over the ribbed motor frame. A concentric out- 
er shield prevents physical contact with the fan 
and serves to channel the air-stream. The permissi- 
ble temperature rise is the same as for drip-proof 
motors (see Fig. 18-3). 


5. Explosion-proof motors. These motors are 
used in highly inflamable or explosive surroundings 
such as are found in coal mines, oil refineries and 
grain elevators. They are totally enclosed (but not 
air-tight) and the frames are designed to withstand 
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Type SC ¢ 449Z Frame ¢ Three Phase 
350 HP #1800 RPM 8 66 Hertz 
® Tatally-Enciased Fan Cooled 





Figure 18-3 Totally-enclosed fan-cooled induction motor 
rated 350 hp, 1760 r/min, 440 V, 3-phase, 
60 Hz. (Gould) 


the enormous pressure which may build up inside 
the motor due to an internal explosion. Further- 
more, the flanges on the end-bells are made extra- 
long in order to cool any escaping gases generated 
by such an explosion. The permissible temperature 
rise is the same as for totally enclosed motors (see 
Fig. 18-4). 


18-3 Classification according to electrical 
and mechanical properties 


In addition to special enclosures, 3-phase squirrel- 
Cage motors may have various electrical and me- 
chanical characteristics, as listed below. 


1. Motors with standard locked-rotor torque 
(NEMA Design B). Most induction motors belong 
to this group. The locked-rotor torque depends 
upon the size of the motor, and ranges from 130% 
to 70% of full-load torque, as the power increases 
from 20hp to 200hp (15 kW to 150 kW). The 
corresponding locked-rotor current should not ex- 
ceed 6.4 times the rated full-load current. These 
general-purpose motors are employed to drive 
fans, centrifugal pumps, machine-tools, and so 
forth. 


2. High starting-torque motors (NEMA Design C). 
These motors are employed when starting condi- 





Figure 18-4 Totally enclosed, fan-cooled, explosion- 
proof motor. Note the particularly rugged 
construction of this type of motor. (Brook 
Crompton-parkinson Ltd) 


tions are difficult. Pumps and piston-type com- 
pressors that have to start under load are two typi- 
cal applications. In general, these motors have a 
special double-cage rotor. In the range from 20 hp 
to 200 hp, the locked-rotor torque is 200% of full- 
load torque and the locked-rotor current should 
not exceed 6.4 times the rated full-load current. 

The excellent performance of a double-cage 
rotor (Fig. 18-5) is based upon the fact that: 


a. the frequency of the rotor current diminishes as 
the motor speeds up; 

b. a conductor that lies close to the rotor surface 
(cage 1) has a lower inductive reactance than 
one buried deep inside the core (cage 2). 


When the motor is connected to the line with 
the rotor at standstill, the frequency of the rotor 
current is equal to line frequency. Owing to the 
high inductive reactance of squirrel-cage 2, the 
rotor current flows mainly in the small bars of 
cage 1. The effective motor resistance is therefore 
high, being almost equal to that of cage 1. As the 
motor speeds up, the rotor frequency falls, with 
the result that the inductive reactance of both 
squirrel-cage windings diminishes. At normal 
speed, the rotor frequency is so low that the reac- 
tance of both windings is negligible. The rotor 
current is then limited only by the resistance of 
cage 1 and cage 2, respectively. The conductors of 
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Figure 18-5 Typical torque-speed curves of NEMA design B, C and D motors. Each curve corresponds to the minimum 
NEMA values of locked-rotor torque, pull-up torque and breakdown torque of a 3-phase 1800 r/min, 10 hp, 
60 Hz squirrel-cage induction motor. The cross section of the respective rotors indicates the type of rotor 


bars used. 


cage 2 are much larger than those of cage 1, with 
the result that the effective rotor resistance at nor- 
mal speed is much lower than at standstill. For this 
reason, the double-cage rotor develops both a high 
starting torque and a low slip at full load. 

Despite their high torque, Design C motors are 
not recommended for prolonged starting of high- 
inertia loads. The reason is that most of the rotor 
I’R losses during startup are concentrated in cage 
1. Owing to its small size, it tends to overheat and 
the bars may melt. 


3. High-slip motors (NEMA Design D). The nom- 
inal speed of high-slip motors is between 85% and 
95% of synchronous speed. These motors develop 
even higher starting-torques than Design C motors 
do, and the locked-rotor currents are somewhat 
lower. These motors can drive high inertia loads 
(such as centrifugal dryers) which take a relatively 
long time to reach full speed. The high-resistance 
squirrel cage is made of brass, and the motors are 
usually designed for intermittent operation to pre- 
vent overheating. The large drop in speed with in- 
creasing load is also ideal to drive impact machine- 
tools such as shears, punch presses, and so forth 
that are equipped with a flywheel. The flywheel 
stores mechanical energy during the idling period 


and releases it during the sharp impulse load. 


The graphs of Fig. 18-5 enable us to compare 
the torque-speed characteristics of these various 
motors. The rotor construction is also shown, and 
it can be seen that the distinguishing properties are 
obtained by changing the rotor design. For exam- 
ple, as we increase the rotor resistance (by using 
brass instead of copper or aluminum), the locked- 
rotor torque increases, but the nominal speed 
drops. 


18-4 Motor size 


Table 18A gives the approximate dimensions and 
cost of commercial induction motors in the range 
between 1hp and 1000 hp. If we compare the 
1 hp and 1000 hp machines, we discover that a 
thousandfold increase in power requires only a 
150-fold increase in weight. This dramatic increase 
in power with increasing size is an inherent charac- 
teristic of all electrical machines. As a rule-of- 
thumb, we can say that for similar machines oper- 
ating at the same speed, a doubling of the weight 
produces about 2.5 times as much power. Thus, if 
a 10 hp motor weighs 70 kg, a 25 hp motor of sim- 
ilar design and speed will weigh about 140 kg. 


332 ROTATING MACHINERY 





TABLE 18A 


APPROXIMATE DIMENSIONS AND COST OF INDUCTION MOTORS 





Drip-proof squirrel-cage motors, Design B, 3-phase, 60 Hz,n, = 1800 r/min 


Power P Mass Volume 
hp kW kg dm? 
1 0.75 16 5.5 
10 7.5 60 20 
100 75 350 130 
1000 750 2500 650 


18-5 Choice of motor speed 


The choice of motor speed is rather limited be- 
cause the synchronous speed of induction motors 
changes by quantum jumps, depending upon the 
frequency and number of poles. For example, it is 
impossible to build a conventional 60 Hz induc- 
tion motor having an acceptable efficiency and 
running at a speed, say, of 2000 r/min. 

The speed of a motor is obviously determined 
by the speed of the machine it has to drive. How- 
ever, for low-speed machines, it is often preferable 
to use a high-speed motor and a gear box instead 
of directly coupling a low-speed motor to the load. 
There are several advantages to the gear-box ap- 
proach: 

1. For a given output power, the size and cost of a 
high-speed motor is less than that of a low- 
speed motor, and its efficiency and power fac- 
tor are higher; 

2. The locked-rotor torque of high-speed motors is 
always greater (as a percent of full-load torque) 
than that of low-speed motors of similar type 
and power. 

By way of example, Table 18B compares the 


External External Cost Cost/P 

diameter length (1980) (1980) 
mm mm $ $/hp 
180 220 120 120 
270 350 320 32 
500 650 1 900 19 
750 1500 27 000 270 


properties of two commercial 3-phase 60 Hz in- 
duction motors having the same power but differ- 
rent synchronous speeds. The difference in price 
alone would justify the use of a high-speed motor 
and a gear box to drive a load operating at, say, 
900 r/min. 

When equipment has to operate at very low 
speeds (100 r/min or less), agear box is mandatory. 
The gears are often an integral part of the motor, 
making for a very compact unit (Fig. 18-8). 

By the same token, a gear box is mandatory 
when equipment has to run above 3600 r/min. For 
example, a large gear unit is needed to drive a 
5000 r/min centrifugal compressor using a 
3560 r/min induction motor. 


18-6 Two-speed motors 


We can design the stator of a squirrel-cage induc- 
tion motor so that the motor can operate at two 
different speeds. The speed is changed by simply 
changing the external stator connections. The syn- 
chronous speeds obtained are usually in the ratio 2 
to 1: 3600/1800 r/min; 1200/600 r/min; etc. 
Consider, for example, the stator winding of a 
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TABLE 18B COMPARISON BETWEEN TWO MOTORS OF DIFFERENT SPEEDS 
ae Synchronous Power Efficienc Locked rotor Mass Cost 
speed factor Y torque (1980) 
hp kW r/min % % % kg $ 
10 7.5 3600 89 87 150 50 340 
10 7.5 | 900 82 83 125 115 960 


4-pole 60 Hz motor (Fig. 18-6a). If we apply pow- 
er to terminals 1 and 2, two N poles and two S 
poles are created and, according to Eq. 17-1, the 
synchronous speed is: 

ns = 120f/p 

= 120 x 60/4 = 1800 r/min 

On the other hand, if we short leads 1 and 2 
and apply power to terminals 2 and 4, currents 
will flow in the direction shown in Fig. 18-6b. It is 
clear that this connection produces four N poles. 


Because every N pole must be accompanied by a$ 
pole, it follows that 4 south poles will appear be- 
tween the 4 north poles. The south poles created 
in this ingenious way are called consequent poles. 
The new connection produces 8 poles in all and 
the synchronous speed is 900 r/min. Thus, we can 
double the number of poles by simply changing 
the stator connections. It is upon this principle 
that two-speed motors are based. 

Figure 18-8 shows the stator connections for a 





(a) 


(b) 


Figure 18-6 Method of doubling the number of poles by changing external connections. 
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(a) 


Figure 18-7 a. High-speed connection of a 3-phase stator, yielding 4 poles. 


yielding 8 poles. 


two-speed, 3-phase motor. Six leads, numbered 1 
to 6, are brought out from the stator winding. For 
the high-speed connection power is applied to 
terminals 1-2-3 and terminals 4-5-6 are open. The 
resulting delta connection produces 4 groups per 
phase having alternate N and S polarities (Fig. 
18-7a). 

The low-speed connection is made by shorting 
terminals 1-2-3 and applying power to terminals 4- 
5-6. The resulting double-wye connection again 
produces 4 groups per phase but now they all pos- 
sess the same polarity (Fig. 18-7b). The coil-pitch 
of two-speed. motors is always one half the high- 
speed pole-pitch. A short coil-pitch facilitates the 
creation of the consequent poles at the lower 
speed. 

Two-speed motors have a relatively lower effi- 
ciency and power factor than single-speed motors 
do. They can be designed to develop (at both 
speeds) either constant power, constant torque or 
variable torque, depending upon the load that has 
to be driven. 


18-7 Plugging an induction motor 
In some industrial applications, the induction 


motor operates in ways we have not studied so far. 
For example, if we wish to bring the motor to a 





(b) 


b. Low-speed connection of same motor, 


rapid stop, we can simply interchange two stator 
leads, so that the revolving field suddenly turns in 
the opposite direction to the rotor. During this so- 
called p/ugging period, the motor acts as a brake. 





Figure 18-8 Gear motor rated at 2.25 kW, 1740 r/min, 
60 Hz. The output torque and speed are re- 
spectively 172 N-m and 125 r/min. (Reliance 
Electric) | 


It absorbs kinetic energy from the still-revolving 
load, causing its speed to fall. The associated pow- 
er Pm is entirely dissipated as heat in the rotor. 
Unfortunately, the rotor also continues to receive 
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LEGEND 
Pe. — active power supplied to stator 
Pig — stator copper losses 
Ps — stator iron losses 
P, — active power transmitted to the rotor 


Pr — mechanical power supplied to the rotor 
Pi, — I?R losses in the rotor 


Py — windage and friction losses 


Figure 18-9 When a 3-phase induction motor is plugged, the rotor I?R losses are very high. 


power P, from the stator, which is also dissipated 
as heat (Fig. 18-9). Consequently, plugging pro- 
duces J7R losses in the rotor which even exceed 
those when the rotor is locked. Motors should not 
be plugged too frequently because high rotor tem- 
peratures may melt the rotor bars or overheat the 
stator winding. 


18-8 Effect of inertia 


High-inertia loads put a heavy strain on induction 
motors because they prolong the starting period. 
The starting current in both the stator and rotor is 
high during this interval so that overheating be- 
comes a major problem. A prolonged starting pe- 
riod may even put a strain on the transmission line 
feeding the plant where the motor is installed. The 
line voltage may fall below normal for several sec- 
onds, thus affecting other connected loads. To re- 
lieve the problem, induction motors are often 
started on reduced voltage. This limits the power 
drawn by the motor, and consequently reduces the 
voltage drop and the heating rate. Unfortunately, 
it also increases the starting time, but this is usual- 
ly not too important. 

Plugging induction motors, to bring them to a 
stop, creates even worse problems. The reason is 
that the plugging time may be long, and severe 
overheating, particularly of the rotor, may result. 
In this regard, two important rules affecting 
starting and plugging operations of unloaded 
motors are worth remembering: 


Rule 1- The heat dissipated in the rotor during 
the starting period (from zero to nominal 
speed) is equal to the final kinetic energy 
stored in all the revolving parts; 


Rule 2- The heat dissipated in the rotor during 
the plugging period (nominal-speed to 
zero) is three times the original kinetic 
energy of all the revolving parts. 


These rules always hold true, irrespective of the 
stator voltage or the torque-speed curve of the 
motor. 


Example 18-1: 

A 100 kW, 60 Hz, 1175 r/min motor is coupled to 
a flywheel by means of a gear box. The kinetic 
energy of all the revolving parts is 300 kJ when the 
motor runs at nominal speed. The motor is 
plugged to a stop and allowed to run up to 
1175 r/min in the reverse direction. Calculate the 
energy dissipated in the rotor if the flywheel is the 
only load acting on the motor. 


Solution: 

During the plugging period, the motor speed drops 
from 1175 r/min to zero. The heat dissipated in 
the rotor is 3 x 300 kJ = 900 kJ. The motor then 
accelerates to nominal speed in the reverse direc- 
tion. The energy dissipated in the rotor during this 
period is 300 kJ. The total heat dissipated in the 
rotor from start to finish is therefore 900 + 300 = 
1200 kJ. 
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When very high inertia loads have to be acceler- 
ated or brought to a stop, wound-rotor motors are 
recommended because most of the thermal energy 
absorbed in the rotor circuit is dissipated by the 
external resistors. Furthermore, we can maintain a 
consistently high torque by gradually varying the 
rotor resistance during the acceleration or deceler- 
ation periods. 


18-9 Braking with direct current 


An induction motor and its high-inertia load can 
be brought to a quick stop by circulating de cur- 
rent in the stator winding. Any two terminals can 
be connected to the dc source. 

The direct current produces stationary N, S 
poles in the stator. The number of poles created is 
equal to the number of poles which the motor de- 
velops normally. Thus, a 3-phase, 4-pole induction 
motor produces 4 dc poles, no matter how the 
motor terminals are connected to the dc source. 

When the rotor sweeps past the stationary field, 
an ac voltage is induced in the rotor bars. The volt- 
age produces an ac current and the resulting rotor 
I’R losses are dissipated at the expense of the ki- 
netic energy stored in the revolving parts. The 
motor finally comes to rest when all the kinetic 
energy has been dissipated as heat in the rotor. 

The advantage of de braking is that it produces 
far less heat than does plugging. In effect, the ener- 
gy dissipated in the rotor is only equal to the origi- 
nal kinetic energy stored in the revolving masses, 
and not three times that energy. The energy dissi- 
pated in the rotor is independent of the magnitude 
of the de current. However, a smaller dc current 
increases the braking time, with the result that the 
temperature rise of the rotor is somewhat reduced. 
The dc current can be two or three times the rated 
current of the motor. Even larger values can be 
used, provided that the stator does not become 
too hot. The braking torque is proportional to the 
square of the dc braking current. 


Example 18-2: 
A 50hp, 1760 r/min, 440 V, 3-phase induction 


motor drives a load having a total moment of iner- 

tia of 25 kg-m?, The de resistance between two ter- 

minals is 0.32 (2, and the rated motor current is 

62 A. We want to stop the motor by connecting a 

24 V battery across the stator. Calculate: 

a. the dc current in the stator; 

b. the energy dissipated in the rotor; 

c. the average braking torque if the stopping time 
is 4 min. 


Solution: 
a. The de current is: 
I = E/R = 24/0.32 = 75A 

This current is slightly higher than the rated 
current of the motor. However, the stator will 
not overheat, because the braking time is rela- 
tively short. 

b. The kinetic energy in the rotor and load at 
1760 r/min is: 

Ex, = 5.48x 10° Jn? 

5.48 x 10°? x 25 x 1760 

424 kJ 

c. The average braking torque can be calculated 
from: 


Eq. 3-8 


An = 9.55 TAt/J Eq. 3-14 
1760 = 9.55 Tx (4 x 60)/25 
T = 19.2 N-m 


18-10 Abnormal conditions 


Abnormal motor operation may be due to internal 
causes (short-circuit in the stator, overheating of 
the bearings, etc.), or to external conditions. Ex- 
ternal problems may be caused by: 

1. mechanical overload; 

2. supply voltage changes; 

3. single phasing; 

4. frequency changes. 


According to national standards, a motor shall 
operate successfully on any voltage within + 10% 
of the nominal voltage, and for any frequency 
within + 5% of the nominal frequency. If the volt- 
age and frequency both vary, the sum of the two 
percentage changes must not exceed 10%. Finally, 
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all motors are designed to operate satisfactorily at 
altitudes up to 1000 m above sea level. At higher 
altitudes, the temperature may exceed the permis- 
sible level owing to the poor cooling afforded by 
the thinner air. 


18-11 Mechanical overload 


Although standard induction motors can develop 
twice their rated power for short periods, they 
should not be allowed to run continuously beyond 
their rated capacity. Overloads cause overheating, 
which deteriorates the insulation and reduces its 
useful life. In practice, the higher motor current 
causes the thermal overload relays to trip, bringing 
the motor-to a stop before its temperature gets too 
high. | 

Some drip-proof motors are designed to carry a 
continuous overload of 15 percent. This overload 
capacity is shown on the nameplate by the so- 
called service factor 1.15. The allowable tempera- 
ture rise is then 10°C higher than that permitted 
for drip-proof motors operating at normal load. 

During emergencies, a drip-proof motor can be 
made to carry overloads of as much as 150%, as 
long as strong external ventilation is provided. This 
is not recommended for extended periods, because 
even if the external frame is cool, the winding tem- 
perature may be very high. 


18-12 Line voltage changes 


The most important consequence of a line voltage 
change is its effect upon the torque-speed curve of 
the motor. In effect, the torque at any speed is 
proportional to the square of the applied voltage. 
Thus, if the stator voltage decreases by 10%, the 
torque will drop by 20%. A line voltage drop is 
often produced during start-up, due to the heavy 
starting current drawn from the line. 

On the other hand, if the line voltage is too 
high, the flux per pole will be too high. This in- 
creases both the iron losses and the magnetizing 


current, with the result that the temperature in-- 


creases slightly and the power factor is somewhat 


reduced. 

A slight unbalance of the 3-phase voltages pro- 
duces a serious unbalance of the three line currents. 
This condition increases the stator and rotor losses, 
yielding a higher temperature. A voltage unbalance 
of as little as 3.5% can cause the temperature to In- 
crease by 15°C. The utility company-should be no- 
tified whenever the phase-to-phase line voltages 
differ by more than 1%. 


18-13 Single-phasing 


If one line of a 3-phase line is accidentally opened, 
or if a fuse blows while the motor is running, the 
machine will continue to run as a single-phase 
motor. The current drawn from the remaining two 
lines will almost double, and the motor will begin 
to overheat. The thermal relays protecting the 
motor will eventually trip the circuit-breaker, 
thereby disconnecting the motor from the line. 

The torque-speed curve is seriously affected 
when a 3-phase motor operates on single phase. 
The breakdown torque decreases to about 40% of 
its original value, and the motor develops no 
starting torque at all. Consequently, a fully loaded 
3-phase motor may simply stop if one of its lines is 
suddenly opened. The resulting locked-rotor cur- 
rent is about 90% of the normal 3-phase L.R. cur- 
rent. It is therefore large enough to trip the circuit 
breaker or to blow the fuses. 

Figure 18-10 shows the typical torque-speed 
curves of a 3-phase motor when it runs normally 
and when it is single-phasing. Note that the curves 
follow each other closely until the torque ap- 
proaches 50% of the 3-phase breakdown torque. 


18-14 Frequency variation 


Important frequency changes never take place on a 
large distribution system, except during a major 
disturbance. However, the frequency may vary sig- 
nificantly on isolated, low-power systems where 
electrical energy is generated by diesel engines or 
gas turbines. The emergency supply in a hospital, 
the electrical system on a ship, the generators in a 





338 ROTATING MACHINERY 


—-+» torque 


—_— 
—— 





breakdown torque 


full load 
60 + 100 % 
Ng n n, 


Figure 18-10 Typical torque-speed curves when a 3-phase squirrel-cage motor operates normally and when it operates on 


single-phase. 


lumber camp, etc., are examples of this type of 
supply. 

The most important consequence of a frequen- 
cy change is the resulting change in motor speed: 
if the frequency drops by 20%, the motor speed 
drops by 20%. 

Machine tools and other motor-driven equip- 
ment imported from countries where the frequen- 
cy is 50 Hz, may cause problems when they are 
connected to a 60 Hz system. Everything runs 20% 
faster than normal, and this may not be acceptable 
in some applications. In such cases, we either have 
to gear the motor speed down, or supply an expen- 
sive auxiliary 50 Hz source. 

A 50 Hz motor operates well on a 60 Hz line, 
but its terminal voltage should be raised to 6/5 (or 
120%) of the nameplate rating. The new break- 
down torque is then equal to the original break- 
down torque and the starting torque is only slight- 
ly reduced. Power factor, efficiency and tempera- 
ture rise remain satisfactory. 

A 60 Hz motor can also operate on a 50 Hz line, 
but its terminal voltage should be reduced to 5/6 
(or 83%) of its nameplate value. The breakdown 
torque and starting torque are then about the same 
as before, and the power factor, efficiency and 
temperature rise remain satisfactory. 


18-15 Complete torque-speed characteristic 
under load 


Most asynchronous machines operate as motors 
supplying a torque that varies from zero to a nomi- 
nal full-load torque 7,. It so happens that between 
these limits, the torque-speed curve is essentially a 
straight line (Fig. 18-11). The slope of the line de- 
pends mainly upon the rotor resistance: the higher 
the resistance, the sharper the slope. This linear re- 
lationship between torque and speed, enables us to 
establish a very simple equation between the vari- 
ous parameters of a motor. In effect, when we 
know the characteristics of a motor under a given 
load condition, we can calculate its speed, torque, 
power, etc., under any other load condition. 

We can show that these quantities are related 
by the equation: 


Tx| 1 Rx] | En]? 
Sy = Sy || J — 1 - 

x n Tn Rn Ey (18 1) 
where subscripts n, x refer to the initial or nominal 
load condition (n) and new load condition (x), re- 


spectively, 
and s = slip 
T = torque [N-m] 
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Figure 18-11 The torque-speed curve is essentially a straight line between the no-load and full-load operating points. 


R = rotor resistance [QQ] 
E = stator voltage [V] 

In applying this equation, the only restriction Is 
that the new torque 7, must not be greater than 
T,, (Ey/En)*. Under these conditions, Eq. 18-1 
yields an accuracy of better than 5%, which is suf- 
ficient for most practical problems. 


Example 18-3: 

A 3-phase, 208 V induction motor having a syn- 
chronous speed of 1200 r/min turns at a speed of 
1140 r/min when connected to a 215 V line. Cal- 
culate the speed if the voltage increases to 240 V. 


Solution: 
a.1 Theslip at 215 V is: 
s = (n,-n)/n, = (1200 - 1140)/1200 
= 0.05 
a.2 In applying Eq. 18-1, everything remains the 
same except the voltage and slip. Conse- 
quently: 


Sy = Sp (Ep/Ex)? = 0.05 (215/240)? 
0.04 
a.3 The slip speed is therefore 0.04 x 1200 = 
48 r/min 
a.4 The new speed is: 
ny = 1200-48 = 1152 r/min 


Example 18-4: 

A 3-phase induction motor driving a fan has an ini- 

tial speed of 873 r/min when connected to a fixed 

460 V, 60 Hz line. The initial rotor temperature is 

23°C. The speed drops to 864 r/min after the ma- 

chine has reached its final temperature. Calculate: 

a. the increase in rotor resistance; 

b. the approximate hot temperature of the rotor, 
knowing it is made of copper. | 


Solution: 

a. 1 The initial and final slips are: 
Sy, = (900 - 873)/900 = 0.03 
S, = (900 - 864)/900 = 0.04 
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a.2 The voltage, frequency, etc., are fixed; con- 
sequently, the speed change ts entirely due 
to the change in rotor resistance. 

Sx = Sn (Rx/Rn) 
0.04 = 0.03 (R,/Rn) 
R, = 1.33 Ry 
Db. The hot temperature is: 


ft, = 7 (234 so t1) - 234 Eq. 16-3 
= 1.33 (234 + 23) - 234 
= 108°C 


Example 18-5: 

A 3-phase wound-rotor induction motor has a 
rating of 110 kW (~ 150 hp), 1760 r/min, 2.3 kV, 
60 Hz. Three external resistors of 242 are con- 
nected in wye across the rotor. The motor devel- 
ops a torque of 300 N-m at a speed of 1000 r/min. 
a. Calculate the speed at a torque of 400 N-m; 

b. Calculate the value of the external resistors so 

that the motor develops 10 kW at 200 r/min. 


Solution: 
a. 1 The given conditions are: 
T,= 300 N-m 
Sy = (1800 - 1000)/1800 = 0.444 
All other conditions being fixed, we have: 
Sx = Spy (Ty/Tp) = 0.44 (400/300) 
= 0.592 
a.2 The slip speed = 0.592 x 1800 =1067 r/min 
Consequently, the motor turns at a speed: 
n = 1800 - 1067 
= 733 r/min 
Note that the speed drops considerably with 
increasing load. 
b.1 The torque corresponding to 10 kW at 
200 r/min is: 
T,= 9.55 P/n = 9.55 x 10 000/1200 
= 478 N-m 
b.2 The slip is: 
Sx = (1800 - 200)/1800 = 0.89 
All other conditions being fixed, we have: 
Sx = Sy (Ty/Tp) (Rx/Rp) 
0.89 = 0.44 (478/300) (R,/2) 


whence R, = 1.25 2 

b.3 Three 1.25 Q. wye-connected resistors in the 
rotor circuit will enable the motor to devel- 
op 10 kW at 200 r/min. 


18-16 Induction motor operating as a generator 


Consider an electric train powered by an induction 
motor which is directly coupled to the wheels. As 
the train climbs the side of a hill, the motor runs 
at slightly less than synchronous speed, developing 
a torque sufficient to overcome both friction and 
the force of gravity. At the top of the hill, on level 
ground, the force of gravity no longer comes into 
play and the motor has only to overcome the fric- 
tion of the rails and the moving air. The motor 
runs essentially at no-load and very close to syn- 
chronous speed. 

What happens when the train begins to move 
downhill? The force of gravity causes the train to 
accelerate and its speed (even without a motor) 
could easily exceed that on level ground. Because 
the motor is coupled to the wheels, it begins to ro- 
tate above synchronous speed. However, as soon as 
this takes place, the motor develops a counter 
torque which opposes the increase in speed. This 
torque has the same effect as a brake. However, 
instead of being dissipated as heat, the mechanical 
braking power at the wheels is returned to the line 
in the form of electrical energy. An induction 
motor which turns faster than synchronous speed 
acts therefore as a generator. It converts the me- 
chanical energy it receives into electrical energy, 
and this energy is released by the stator. Such a 
machine is called an asynchronous generator. 

Although induction motors are rarely used to 
drive trains (Fig. 18-12), there are several industri- 
al applications which may cause a motor to run 
above synchronous speed. In cranes, for example, 
during the lowering cycle, the motor receives pow- 
er from the mechanical “‘load’’ and returns it to 
the line. 

We can make an asynchronous generator by 
connecting an ordinary squirrel-cage motor to a 3- 
phase line and coupling it to a gasoline engine 
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(Fig. 18-13). As soon as the engine speed exceeds 
the synchronous speed, the motor becomes a 
source, delivering active power to the electrical 
system to which it is connected. However, to cre- 
ate its magnetic field, the motor has to absorb re- 
active power. This power can only come from the 
supply line with the result that the reactive power 
Q flows in the opposite direction to the active 
power P (Fig. 18-13). 

The active power delivered is directly propor- 
tional to the slip above synchronous speed. Thus, a 
higher engine speed produces a greater output. 
However, the rated output is reached at very small 
slips, usually less than 3%. 


3-phase system 





squirrel-cage 
induction motor 


Figure 18-13 Asynchronous generator connected to a 
3-phase line. 


Figure 18-12 


This electric train makes the round trip between 
Zermatt (1604 m) and Gornergrat (3089 m), in 
Switzerland. The drive is provided by four 3- 
phase wound-rotor induction motors, rated 
78 kW, 1470 r/min, 700 V, 50 Hz. Two aerial 
conductors constitute phases A and B, and the 
rails provide phase C. A toothed gear-wheel 
573 mm in diameter engages a stationary rack 
on the roadbed to drive the train up and down 
the steep slopes. The speed can be varied from 
zero to 14.4 km/h by means of variable resistors 
in the rotor circuit. The rated thrust is 78 KN. 
(Brown Boveri) 


The reactive power may be supplied by a group 
of capacitors connected to the terminals of the 
motor. With this arrangement, we can supply a 3- 
phase load without using an external source (Fig. 
18-14). The frequency generated is slightly less 
than that corresponding to the speed of rotation. 
Thus, a 4-pole motor driven at a speed of 
2400 r/min produces a frequency slightly less than 
f = pn/120 = 4 x 2400/120 = 80 Hz. 

The terminal voltage increases with the capaci- 
tance, but its magnitude is limited by saturation in 
the iron. If the capacitance is insufficient, the gen- 
erator voltage will not build up. The capacitor 
bank must be large enough to supply the reactive 





Figure 18-14 Capacitors can provide the reactive power 
for an asynchronous generator. 
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power the machine normally absorbs when oper- 
ating as a motor. 


Example 18-6; 

We wish to use a 40hp, 1760 r/min, 440 V, 3- 

phase squirrel-cage induction motor as an asyn- 

chronous generator. The rated current of the 

motor is 41 A, and the full-load power factor Is 

84%. 

a. Calculate the capacitance required per phase if 
the capacitors are connected in delta. 

b. At what speed should the driving engine run to 
generate a frequency of 60 Hz? 


Solution: 
a. 1 The apparent power drawn by the machine 
when it operates as a motor: 
S = 1.73 ET = 1.73 x 440 x 41 
= 31.2 kVA 
a.2 The corresponding active power absorbed is: 
P = Scos@ = 31.2 x 0.84 
= 26.2 kW 
a.3 The corresponding reactive power absorbed 
iS: 
O= VS 2 = 4/312*- 262" 
17 kvar 
a.4 When the machine operates as an asynchro- 
nous generator, the capacitor bank must 
supply 17 +3 = 5.7 kvar per phase. The volt- 
age per phase is 440 V because the capaci- 
tors are connected in delta. Consequently, 
the capacitive current per phase is: 
I, = Q/E = 5700/440 
= 13A 
a.5 The capacitive reactance per phase is: 
Xo= E/T = 440/13 
= 3402 
a.6 The capacitance per phase is: 
C = 1/2mfX_. = 1/(27 x 60 x 34) 
= 78 uF 
Figure 18-15 shows how the generating sys- 
tem is connected. Note that if the load itself 
absorbs reactive power, the capacitor bank 
must be increased to provide it. 
b.1 The driving engine must turn at slightly 





1840 r/min 


Figure 18-15 See Example 18-7. 


more than synchronous speed. Typically, the 
slip should be equal to the normal slip when 
the machine operates as a motor. Conse- 
quently, 
slip = 1800 - 1760 
= 40r/min 
b.2 The engine should therefore run at an ap- 
proximate speed of: 
n 1800 + 40 
1840 r/min 


18-17 Frequency converter 


A conventional wound-rotor motor may be used as 
a frequency converter to generate a frequency dif- 
ferent from that of the utility company. The 
stator of the wound-rotor machine is connected to 
the utility line, and the rotor is driven at an appro- 
priate speed by a motor M (Fig. 18-16). The 
wound-rotor machine then behaves as a rotating 





squirrel-cage wound-rotor 
motor induction 
“motor” 





Figure 18-16 Wound-rotor motor used as a frequency 
converter. 
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transformer in which the stator is the primary and 
the rotor the secondary. The rotor supplies power 
to the three-phase load at a voltage / and fre- 
quency f, that depends upon the slip. Thus, ac- 
cording to Eqs. 17-3 and 17-4, we have: 

fo = Sfo Eq. 17-3 

EF, = SEO Eq. 17-4 

In general, the desired frequency is two or three 
times that of the utility company. 

The operation of a frequency converter is iden- 
tical to that of an induction motor, except that 
the power Pir, usually dissipated as heat in the 
rotor, is now available to supply power to the 
load. The converter acts as a generator, and the ac- 
| tive power flow is as shown in Fig. 18-17. 





Figure 18-17 Power flow in a frequency converter. 


Example 18-7: 

A 3-phase wound-rotor induction motor has a 

rating of 150 hp (~ 110 kW), 1760 r/min, 2.3 kV, 

60 Hz. The open-circuit rotor voltage between the 

slip rings is 500 V. The rotor is driven by variable- 

speed dc motor. Calculate: 

a. the turns ratio of the stator to rotor windings; 

b. the rotor voltage and frequency when the rotor 
is driven at 720 r/min in the same direction as 
the revolving field; 


c. the rotor voltage and frequency when the rotor. 


is driven at 720 r/min opposite to the revolving 
field; 

d. the rotor voltage and frequency when the rotor 
is driven at 2880 r/min. 


Solution: 
a. The turns ratio is: 
a = E,/Evc = 2300/500 
= 46 
b.1 The slip is: 
s = (n,-n)/n, = (1800 - 720)/1800 
= 0,6 


b.2 The rotor voltage is: 
E, = SEo. = 0.6 x 500 
= 300 V 
b.3 The rotor frequency Is: 
fo = Sfo = 0.6 x 60 
= 36 Hz 
c. 1 The motor speed is considered to be negative 
(-) when it turns opposite to the revolving 


field. The slip is: 
s = (ng-n)/ng = (1800 - (- 720))/1800 
= (1800 + 720)/1800 
= 1.4 


c.2 The rotor voltage and frequency are: 
E,= SEoc = 1.4 x 500 
= 700 V 
Sfo 1.4 x 60 
= 84 Hz 
d.1 At 2880 r/min, the motor runs above syn- 
chronous speed: | 
s = (n,-n)/n, = (1800 - 2880)/1800 
= -0.6 
d.2 The rotor voltage is: 
E, = sEg = -0.6x 500 = - 300 V 
The negative sign indicates that the voltage is 
180° out of phase with the voltage calcu- 
lated in b. 2. The negative sign also tells us 
that power is flowing from the rotor to the 
stator, rather than the other way around. 
d.3 The rotor frequency is: 
fr a Sfo = -0.6 x 60 
- 36 Hz 
The negative sign indicates the phase se- 
quence of the rotor voltages is the reverse of 
that in part b. 3. 


II 


fo 


Example 18-8: 
We wish to use a 30 kW, 900 r/min, 60 Hz wound- 
rotor motor to generate 60 kW at a frequency of 
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180 Hz. If the supply-line frequency is 60 Hz, cal- 

culate: 

a. the driving speed of the frequency converter; 

b. the active power input to the stator of the fre- 
quency converter; 

c. the power of the induction motor M driving the 
converter. 

d. Will the converter overheat under these condi- 
tions? 


Solution: 
a. 1 fo = Sho Eq. 17-3 
180 = sx 60 
from which s = 83 


a. 2 On the other hand, 
s = (n,-n)/ng Eq. 17-2 
3 (900 - n)/900 
from which n - 1800 r/min 
The converter must therefore be driven at a 
speed of 1800 r/min. The negative sign indi- 
cates that the rotor must run opposite to the 
revolving field created by the stator. 


b. 1 





b. 2 


The rotor delivers an output of 60 kW. This 
corresponds to Pj, but instead of being “‘dis- 
sipated’’ in the rotor, Pir is useful power de- 
livered to a load (Fig. 18-18). The power P, 
transferred from the stator to the rotor is: 
P, = Pi/s = 60/3 = 20 kW Eq. 17-7 


load 





Figure 18-18 See Example 18-9. 


The power input to the stator of the fre- 
quency converter is equal to 20 kW plus the 
small copper losses and iron losses in the 
Stator. 





T = torque developed n = speed of rotation Ns = synchronous speed 


by the machine 


of the revolving field 


Figure 18-19 Complete torque-speed curve of a 3-phase induction machine. 
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ag, The remaining power input to the rotor (60 
- 20 = 40 kW) is derived from the mechani- 
cal input to the shaft. By referring to Fig. 
18-17 and Fig. 18-18, we can see how the ac- 
tive power flows into (and out of) the con- 


verter. 


In summary, the rotor receives 20 kW of 
electrical power from the stator and 40 kW 
of mechanical power from the driving motor 
M. The rotor converts this power into 60 kW 
of electrical power at a frequency of 180 Hz. 
Induction motor M must have a rating of 
40 kW, 60 Hz, 1800 r/min. 

d. The stator of the converter will not overheat 
because the 20 kW it absorbs is much less 
than its nominal rating of 30 kW. The rotor 
will not overheat either, even though it deliv- 
ers 60 kW. The increased power arises from 
the fact that the voltage induced in the rotor 
is three times higher than at standstill. In 


QUESTIONS AND PROBLEMS 
Practical level 


18-1 What is the difference between a drip-proof 
motor and an explosion-proof motor? 

18-2 What is the approximate life expectancy of a 
motor? 

18-3 Explain why a NEMA design D motor is un- 
satisfactory for driving a pump. 

18-4 Identify the motor components shown in 
Fig. 18-3a. 

18-5 Show the flow of active power in a 3-phase 
induction motor when it operates: 

a. asa motor; b. as a brake. 

18-6 Will a 3-phase motor continue to rotate if 
one of the lines becomes open? Will the 
motor start on such a line? 

18-7 What type of ac motor would you recom- 
mend for the following application: 


effect, the relative speed of the rotor with 
respect to the revolving field is three times 
greater than under locked-rotor conditions. 
The iron losses in the rotor will be high be- 
cause the frequency is 180 Hz; however, be- 
cause the rotor turns at twice normal speed, 
the cooling is more effective, and the rotor 
will probably not overheat. The stator fre- 
quency is 60Hz, consequently the stator 
iron losses are normal. 


18-18 Complete torque-speed characteristic 
of an induction machine 


We have seen that a 3-phase induction machine 
may function as a motor, as a generator or as a 
brake. These three modes of operation merge into 
each other, as can be seen from the torque-speed 
curve of Fig. 18-19. This curve, together with the 
power flow diagrams illustrate the overall proper- 
ties of a 3-phase induction machine. 


a. asaw ina lumber mill? 
b. a variable speed pump? 

18-8 Give some of the advantages of standardiza- 
tion as it relates to induction motors. 

18-9 We can bring an induction motor to a quick 
stop either by plugging it or by exciting the 
stator from a dc source. Which method pro- 
duces the least amount of heat in the motor? 
Explain. 

18-10 A standard squirrel-cage induction motor 
rated at 50 hp, 440 V, 60 Hz, 1150 r/min is 
connected to a 208 V, 3-phase line. By how 
much are the breakdown torque and locked- 
rotor torque reduced? 


Intermediate level 
18-11 A 3-phase squirrel-cage induction motor 


having a rated voltage of 575 V, is connected 
to a 208 V line. Explain how the following 
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parameters are affected: 

a. Jocked-rotor current; 

b. locked-rotor torque; 

c. no-load current; 

d. no-load speed; 

e. full-load current; 

f. full-load power factor; 

g. full-load efficiency. 

a. Referring to Fig. 18-6, if we eliminated 
the gear box and used a motor directly 
coupled to the load, what would its 
power output be [hp] ? 

b. How many poles would the motor have? 


18-13 Draw the typical torque-speed curve of a 


NEMA Design C_ squirrel-cage induction 
motor, rated at 30 hp, 900 r/min (see Fig. 
18-5). Give the values of the LR, pull-up and 


breakdown torques and the corresponding 


speeds [ft-lb and r/min]. 


18-14 A 300 hp, 2300 V, 3-phase, 60 Hz squirrel- 


cage induction motor runs at a full-load 

speed of 590 r/min. 

a. Calculate the approximate value of the 
rotor I?R losses. If the line voltage then 
drops to 1944 V, calculate: 

b. the new speed, knowing that the load 
torque remains the same; 

c. the new power output; 

d. the new JR losses in the rotor. 


18-15 We wish to make an asynchronous genera- 


tor using a standard squirrel-cage induction 

motor rated at 40hp, 208 V, 870r/min, 

60 Hz (Fig. 18-14). The generator is driven 

at 2100 r/min by a gasoline engine, and the 

load consists of three 5Q resistors con- 

nected in wye. The generator voltage builds 

up when three 100 uF capacitors are con- 

nected in wye across the terminals. If the 

line voltage is 520 V, calculate: 

a. the approximate frequency generated: 

b. the active power supplied to the load; 

c. the reactive power supplied by the capaci- 
tor bank; 

d. the stator current: 

e. the following gasoline engines are avail- 


able: 30hp, 100 hp, 150 hp. Which is 
West suited for the purpose? 

f. discuss the copper and iron losses when 
the machine operates as above, compared 
to when it functions as a standard motor 
at 60 Hz. 


18-16 A 30000 hp, 13.2 kV, 3-phase, 60 Hz air- 


to-water cooled induction motor drives a 

turbocompressor in a large oxygen-manufac- 

turing plant. The motor runs at an exact full- 

load speed of 1792.8 r/min and by means of 

a gearbox, it drives the compressor at a 

speed of 4930 r/min. The motor has an effi- 

ciency of 98.1% and a power factor of 0.90. 

The LR torque and current are respectively 

0.7 p.u. and 4.9 p.u. 

Calculate: 

a. the full-load current; 

b. the total losses at full load; 

c. the exact rotor J*R losses if the windage 
and friction losses amount to 62 kW; 

d. the LR current and torque; 

e. the torque developed at the compressor 
shaft [ft-lb]. 


18-17 The motor in Problem 18-16 is cooled by 


circulating 350 gallons (U.S.) of water 
through the heat exchanger per minute. Cal- 
culate the increase in temperature as the 
water flows through the heat exchanger. 


18-18 The motor and compressor in Problem 


18-16 are started on reduced voltage and the 
average starting torque is 0.25 p.u. The com- 
pressor has a moment of inertia of 
130 000 Ib-ft” referred to the motor shaft. 
The squirrel cage rotor alone has a J of 
18 000 Ib-ft?. 
a. How long will it take to bring the motor 
and compressor up to speed, at no-load: 
b. what is the energy dissipated in the rotor 
during the starting period [Btu] ? 


18-19 A 3-phase induction motor rated at 10 kW, 


1450 r/min, 380 V, 50 Hz has to be con- 

nected to a 60 Hz line. 

a. What line voltage should be used, and 
what is the approximate speed of the 
motor? 
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Db. What is the power [np) the motor can de- 
liver without overheating? 


Advanced level 


12.90 A 1hp squirrel-cage Design B induction 


motor accelerates an _ inertia load of 

1.4 kg-m?, from zero to 1800 r/min. Could 

this motor be replaced by a class D motor 

and if so: 

a. which motor has the shortest acceleration 
time from zero to 1200 r/min? 

b. which of the two rotors will be the hot- 
test, after reaching the top no-load speed? 


18-21 A three-phase wound-rotor induction 


motor having a rating of 150 hp, 1760 r/min, 

2.3 kV, 60 Hz, drives a belt conveyor. The 

rotor is connected in wye and the nominal 

open circuit voltage between the slip-rings Is 

530 V. Calculate: 

a. the rotor winding resistance per phase; 

b. the resistance which must be placed in 
series with the rotor (per phase) so that 
the motor will deliver 40 hp at a speed of 
600 r/min, knowing that the line voltage 
is 2.4 kV. 


18-22 A 150hp, 1165 r/min, 440 V, 60 Hz, 3- 


phase induction motor is running at no-load, 
close to its synchronous speed of 1200 r/min. 
The stator leads are suddenly reversed, and 
the stopping time is clocked at 1.3s. As- 
suming that the torque exerted during the 
plugging interval is equal to the starting 
torque (1.2 p.u.), calculate: 
a. the magnitude of the plugging torque; 
b. the moment of inertia of the rotor. 

In Problem 18-22 calculate the energy dis- 
sipated in the rotor during the plugging in- 
terval. 


18-24 A 3-phase, 8-pole induction motor has a 


rating of 40hp, 575 V, 60 Hz. It drives a 
steel flywheel having a diameter of 31.5 
inches and a thickness of 7 7/8in. The 
torque-speed curve .corresponds to a design 
D motor given in Fig. 18-5. Calculate: 


a. the mass of the flywheel and its moment 


of inertia [Ib-ft?] ; 


b. the rated speed of the motor and the cor- 


responding torque [ft-lb] ; 


c. the locked-rotor torque [ft-lb] . 
d. draw the torque-speed curve and give the 


torques at O, 180, 360, 540, 720 and 
810 r/min. 


18-25 a. In Problem 18-24, calculate the average 


torque between zero and 180 r/min. 

b. Using Eq. 3-14, calculate the time re- 
quired to accelerate the flywheel from 
zero to 180 r/min, assuming no other 
load on the motor. 

c. Using Eq. 3-8, calculate the kinetic ener- 
gy in the flywheel at 180 r/min. 

d. Calculate the time required to accelerate 
the flywheel from zero to 540 r/min, 
knowing that this time, the load exerts a 
fixed counter torque of 300 N-m, in ad- 
dition to the flywheel load. 


18-26 The train in Fig. 18-12 has a mass of 


78 500 Ib and can carry 240 passengers. Cal- 

culate: 

a. the speed of rotation of the gear wheels 
when the train moves at 9 miles per hour. 

b. the gear ratio between the motor and the 
gearwheel. 

c. the approximate transmission line current 
when the motors are operating at full 
load; 

d. the total mass if the average weight of a 
passenger is 60 kg; 

e. the energy required to climb from Zer- 
matt to Gornergrat [MJ] ; 

f. the minimum time required to make the 
trip [min] ; 

g. assuming that 80% of the electrical ener- 
gy is converted into mechanical energy 
when the train is going uphill, and that 
80% of the mechanical energy is recon- 
verted to electrical energy when going 
downhill, calculate the total electrical en- 
ergy consumed during a round trip 
[kW-h]. 
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THREE-PHASE 
ALTERNATORS 


Three-phase alternators are the primary source of 
all the electrical energy we consume. These ma- 
chines are the largest energy converters found in 
the world. They convert mechanical energy into 
electrical energy, in powers ranging up to 
1500 MW. In this chapter, we shall study the con- 
struction and characteristics of these large, modern 
alternators. They are based upon the elementary 
principles covered in Sec. 9-4, and the reader may 
wish to review this material before proceeding fur- 
ther. 


19-1 Commercial alternators 


Commercial 3-phase alternators have either a sta- 
tionary or a rotating dc magnetic field. A station- 
ary-tield alternator has the same outward appear- 
ance as a dc generator. The salient poles create the 
dc field which is cut by a revolving armature. The 
armature possesses a 3-phase winding whose termi- 
nals are connected to three slip-rings mounted on 
the shaft. A set of brushes, sliding on the slip-rings, 
enables us to connect the armature to an external 
3-phase load. The armature is driven by a gasoline 
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engine, or some other source of motive power. As 
it rotates, a 3-phase voltage is induced, whose val- 
ue depends upon the speed of rotation and upon 
the dc exciting current in the stationary poles. 
Stationary-field alternators are ideal when the out- 
put power is less than 5 kVA. However, for greater 
outputs, it is cheaper, safer and more practical to 
employ a stationary armature (or stator) and a re- 
volving de field. 

The field is excited by a dc generator, usually 
mounted on the same shaft (Fig. 19-1). The sta- 
tionary 3-phase stator winding is directly con- 
nected to the load, without going through large, 
unreliable slip-rings and brushes. A stationary 
stator also makes it easier to insulate the windings 
because they are not subjected to centrifugal 
forces. 


19-2 Number of poles 


The number of poles on an alternator depends 
upon the speed of rotation and the frequency we 
wish to produce. Consider, for example, a stator 
conductor that is successively swept by the north 
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3-phase alternator 
500 MW, 12 kV, 60 Hz 


Figure 19-1 Schematic diagram of a typical 500 MW alternator and its 2400 kW dc exciter. The dc exciting current /y 
(6000 A) flows through the commutator and two slip rings. The dc control current /¢ from the pilot exciter 
permits variable field control of the main exciter, which, in turn, controls Jy. 


and south poles of the rotor. If a positive voltage is 
induced when a north pole sweeps across the con- 
ductor, a similar negative voltage is induced when 
the south pole sweeps by. Every time a pair of 
poles crosses the conductor, the induced voltage 
goes through a complete cycle. The same is true 
for every other conductor on the stator; we can 
therefore deduce that the alternator frequency is 
given by: 


(19-1) 





where 
f = frequency of the induced voltage [Hz] 
Dp number of poles on the rotor 
n speed of the rotor [r/min] 


Example 19-1: 

A hydraulic turbine turning at 200 r/min is con- 
nected to an alternator. If the induced voltage has 
a frequency of 60 Hz, how many poles does the 
rotor have? 


Solution: . 
From Eq. 19-1, we have: 


p = 120f/n 
= 120 x 60/200 
= 36 poles or 18 pair of poles 
19-3 Stator 


From an electrical standpoint, the stator of an al- 
ternator is /dentica/ to that of a three-phase induc- 
tion motor (Sec. 17-17). It is composed of a cylin- 
drical laminated core containing a set of slots that 
carry the 3-phase lap winding (Figs. 19-2, 19-3). 
The winding is always connected in wye and the 
neutral is connected to ground. We prefer a wye 
connection to a delta connection because: 

1. The voltage per phase is only 1//3 or 58% of 
the voltage between the lines. This means that 
the highest effective voltage between a stator 
conductor and the grounded stator core is only 
58% of the line voltage. We can therefore reduce 
the amount of insulation in the slots which, in 
turn, enables us to increase the cross section of 
the conductors. A larger conductor permits us 
to increase the current and hence, the power 
output of the machine. 

2. When an alternator is under load, the voltage 
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per phase becomes distorted, and the waveform 
is no longer sinusoidal. The distortion is mainly 
due to an undesired third harmonic voltage 
whose frequency is three times that of the fun- 
damental frequency. With a wye connection, 
the distorting line-to-neutral harmonics do not 
appear between the lines because they effective- 
ly cancel each other. Consequently, the line 
voltages remain sinusoidal under all load con- 
ditions. Unfortunately, when a delta connec- 





Figure 19-2 a. Stator of a 3-phase, 500 MVA, 0.95 power factor, 15 kV, 60 Hz, 200 r/min, alternator. Internal diameter: 
9250 mm; effective axial length of iron stacking: 2350 mm; 378 slots. (Marine Industrie) 


tion is used, the harmonic voltages do not can- 

cel, but add up. Because the delta is closed, 

they produce a large third-harmonic circulating 
current, which increases the /7R losses. 

The nominal line voltage of an alternator de- 
pends upon its kVA rating. In general, the greater 
the power, the higher the voltage. However, the 
nominal voltage seldom exceeds 25 kV because the 
increased slot insulation takes up valuable space at 
the expense of the copper conductors. 
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Figure 19-2 b. The copper bars connecting successive stator poles are designed to carry a current of 3200 A. The total 
output is 19 250 A per phase. (Marine Industrie) 


Figure 19-2 c. 


The stator is built up from toothed segments of high-quality 
silicon-iron steel laminations (0.5 mm thick), covered with an in- 
sulating varnish. The slots are 22.3 mm wide and 169 mm deep. 
The salient poles of the rotor are composed of much thicker 
(2mm) iron laminations. These laminations are not insulated be- 
cause the dc flux they carry does not vary. The width of the 
poles from tip-to-tip is 600 mm and the air gap length is 33 mm. 
The 8 round holes in the face of the salient pole carry the bars of 
a squirrel-cage winding. 
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Figure 19-3 Stator of a 3-phase, 722 MVA, 3600 r/min, 19 kV, 60 Hz turboalternator during the construction phase. The 
windings are water-cooled. The stator will eventually be completely enclosed in a metal housing (see back- 
ground). The housing contains hydrogen under pressure to further improve the cooling. (Brown Boveri) 


19-4 Rotor 


Alternators are built with two types of rotors: 
salient-pole rotors and smooth, cylindrical rotors. 
The first are usually coupled to low-speed hydrau- 
lic turbines while the second are driven by high- 
speed steam-turbines. 


1. Salient pole rotors. Most hydraulic turbines 
turn at low speeds (between 50 and 300 r/min) in 


ordar to extract the maximum power from a water 
fall. Because the rotor is directly coupled to the 
water-wheel, and because a frequency of 60 Hz is 
required, we must place a large number of poles on 
the rotor. Low-speed rotors always possess a large 
diameter to provide the necessary space for the 
poles. The salient poles are mounted on a large cir- 
cular steel frame which is fixed to a revolving ver- 
tical shaft (Fig. 19-4). To ensure good cooling, the 
field coils are made of bare copper bars, insulated 
from each other by strips of mica (Fig. 19-5). The 
coils are connected in series so that adjacent poles 
have opposite polarities. 

In addition to the dc winding, we often add a 
squirrel-cage winding, embedded in the pole-faces 
(Fig. 19-6). Under normal conditions, this winding 
does not carry any current because the rotor turns 
at synchronous speed. However, when the load on 
the alternator changes suddenly, the rotor speed 
begins to oscillate, producing momentary speed 
variations above and below synchronous speed. 
This induces a voltage in the squirrel-cage winding, 
causing a large current to flow. The current reacts 
with the magnetic field of the stator, producing 
forces which dampen the oscillation of the rotor. 
For this reason, the squirrel-cage winding is some- 
times called a damper winding. 

The damper winding also tends to maintain bal- 
anced three-phase voltages under unbalanced load 
conditions. 


2. Cylindrical rotors. Steam turbines are smaller 
and more efficient when they turn at high speed. 
The same is true of alternators. However, to gener- 
ate the required frequency, we can use no less than 
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2 poles, and this fixes the highest possible speed. 
On a 60 Hz system, it is 3600 r/min. The next 
lower speed is 1800 r/min, corresponding to a 4- 
pole machine. Consequently, these so-called turbo- 
alternators possess either 2 or 4 poles. The rotor is 
a long, solid steel cylinder which contains a series 
of longitudinal slots milled out of the cylindrical 
mass (Fig. 19-7). Concentric field coils, firmly 
wedged into the slots and retained by high-strength 
end-rings, serve to create the poles. 

The high speed of rotation produces strong cen- 
trifugal forces which impose an upper limit on the 
diameter of the rotor.t On the other hand, to 
build powerful turbo-alternators, we have to use 
massive rotors. It follows that high-power, high- 
speed rotors have to be very long. 


19-5 Exciters 


The main exciter is usually a dc generator that 
feeds the exciting current to the rotor by way of 
brushes and slip-rings. Under normal conditions, 
the exciter voltage lies between 125 V and 600 V. 
It may be regulated manually or automatically, by 
varying the current J,, produced by a so-called pi- 
lot exciter (Fig. 19-1). 

The power rating of the main exciter depends 
upon the capacity of the alternator. Typically, a 
25 kW exciter is needed to excite a 1000 kVA al- 
ternator (2.5% of its rating) whereas a 2500 kW 
exciter suffices for an alternator of 500 MW (only 
0.5% of its rating). 

Under normal conditions, the excitation is 
varied automatically. It follows the load changes 
so as to maintain a constant ac line voltage or to 
control the reactive power delivered to the electric 
utility system. A serious disturbance on the system 


* See Fig. 12-26. 


+ Inthe case of a rotor turning at 3600 r/min, the elastic 
limit of the steel requires the manufacturer to limit 
the diameter to a maximum of 1.2 m. We can double 
the diameter when the speed is 1800 r/min, but be- 
cause of the transportation problems, we seldom go 
beyond 1.8 m. 
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Tunney 





Figure 19-4 This 36-pole rotor is being lowered into the stator shown in Fig. 19-2. The 2400 A dc exciting current is sup- 
plied by a 330 V, electronic rectifier. Other details are: mass: 600 t; moment of inertia: 4140 t-m?; air gap: 


33 mm. (Marine Industrie) | 





Figure 19-5 This rotor winding for a 250 MVA salient- Figure 19-6 Salient-pole of a 250 MVA alternator, 
pole alternator is made of 18 turns of bare showing 12 slots to carry the squirrel-cage 
copper bars having a width of 89 mm anda winding. 


thickness of 9 mm. 
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Figure 19-7 a. Rotor of a 3-phase turboalternator rated 1530 MVA, 1500 r/min, 27 kV, 50 Hz. The 40 slots are being 


milled out of the solid steel mass. They will carry the de winding. Effective axial magnetic length: 
7490 mm; diameter: 1800 mm. 





Figure 19-7 b. Rotor with its 4-pole dc winding. Total mass: 204 t; moment of inertia: 85 t-m?; air gap: 120 mm. The dc 
exciting current of 11.2 kA is supplied by a 600 V dc brushless exciter, bolted to the end of the main 
shaft. (A/lis-Chalmers Power Systems Inc., West Allis, Wisconsin) 
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may produce a sudden voltage drop across the ter- 
minals of the alternator. The exciter must then 
react very quickly to keep the ac voltage constant. 
For example, the exciter voltage may have to rise 
to twice its normal value in 300 to 400 millisec- 
onds. This represents a very quick response, con- 
sidering that the power of the exciter may be sev- 
eral thousand kilowatts. 


19-6 Brushless excitation 


Owing to brush wear and carbon dust, we con- 
stantly have to maintain brushes, slip-rings and 
commutators on conventional dc excitation sys- 
tems. To eliminate the problem, brushless excita- 
tion systems have been developed in which a 3- 
phase ac exciter and a group of rectifiers supply 
the direct current to the main alternator (Fig. 
19-8). The ac exciter and rectifiers are mounted on 
the main shaft and turn together with the alterna- 
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regulates the main exciter output /,, as in the case 
of a conventional dc exciter. The main exciter is 
actually a stationary-field alternator. Its ouput fre- 
quency is generally two to three times the main al- 
ternator frequency (GQ Hz). Figure 19-9 shows the 
rotating portion of a typical brushless exciter. 


19-7 Factors affecting alternator size 


The prodigious amount of energy generated by 
electrical utility companies has made them very 
sensitive about the efficiency of their machines. 
For example, if the efficiency of a 1000 MW gen- 
erating station improves by only 1%, it represents 
savings of several thousand dollars per day. In this 
regard, the s/ze of the alternator is particularly im- 
portant, because we know that its efficiency auto- 
matically improves as the power increases. For ex- 
ample, if an alternator of 1 kilowatt has an effi- 
ciency of 50%, a larger, but similar model having a 
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Figure 19-8 Typical brushless exciter system. 


tor. In comparing the excitation system of Fig. 
19-8 with that of Fig. 19-1, we can see they are 
identical, except that the 3-phase rectifier replaces 
the commutator. In other words, the commutator 
(or mechanical rectifier) is replaced by an electron- 
ic rectifier. The result is that the brushes and slip 
rings are no longer needed. 

A dc control current, from the pilot exciter, 


capacity of 10 MW Inevitably has an efficiency of 
about 90%. This improvement in efficiency with 


size is why alternators of 1000 MW and up, pos- 


sess efficiencies of the order of 99%. 

A further advantage of large machines is that 
the power output per kilogram increases as the 
power increases. Again referring to our example, if 
an alternator of 1kW weighs 20 kg (50 W/kg), a 





10 MW machine of similar construction will weigh 
only 20 000 kg, yielding 500 W/kg. From a power 
standpoint, large machines weigh relatively less 
than small machines do; consequently, they are 
cheaper. 

Everything, therefore, seems to favor the large 
machines. However, as they grow in size, we run 
into serious cooling problems. In effect, large ma- 
chines inherently produce high power losses per 
unit surface area (W/m2); consequently, they tend 
to overheat. To prevent an unacceptable tempera- 
ture rise, we must therefore design efficient 
cooling systems that become ever more elaborate 
as the power increases. For example, a circulating 
cold-air system is adequate to cool turboalterna- 
tors whose rating is below 50 MW, but between 
50 MW and 300 MW, we have to resort to hydro- 
gen cooling (Sec. 4-4). Very big alternators in the 
1000 MW range have to be equipped with hollow, 
water-cooled conductors. Ultimately, a point is 
reached where the increased cost of cooling ex- 
ceeds the savings made elsewhere, and this fixes 
the upper limit to size. . 

To sum up, the evolution of big alternators has 
mainly been dictated by the evolution of sophisti- 
cated cooling techniques (Fig. 19-10, 11). Other 
technological breakthroughs, such as better mate- 
rials, new windings, and so forth have also played a 
major part in modifying the design of early machi- 
nes (Fig. 19-12). 

As regards speed, low-speed alternators are al- 
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Figure 19-9 


This brushless exciter provides the dc current 
for the rotor shown in Fig. 19-7. The exciter 
consists of a 7000 kVA alternator and two sets 
of diodes. Each set corresponding respectively 
to the positive and negative terminals is housed 
in the circular rings mounted on the shaft, and 
visible in the center of the photograph. The ac 
exciter is seen to the right. The two round con- 
ductors protruding from the center of the shaft 
(foreground) lead the exciting current to the 
1530 MVA alternator. (Allis-Chalmers Power 


Systems Inc., West Allis, Wisconsin) 





Figure 19-10 Partial view of a 3-phase, salient-pole alter- 
nator rated 87 MVA, 428 r/min, 50 Hz. 
Both the’ rotor and stator are water- 
cooled. The high resistivity of pure water 
and the use of insulating plastic tubing 
enables the water to be brought into direct 
contact with the live parts of the machine. 
(Brown Boveri) 
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turboreactor 





alternator hydraulic motor 


Figure 19-11. The electrical energy needed on board the Concord aircraft is supplied by four alternators rated 60 kVA, 
200/115 V, 12 000 r/min, 400 Hz. Each alternator is driven by a hydraulic motor which absorbs a small 
portion of the enormous power developed by the turboreactor engines. The hydraulic fluid streaming from 
the hydraulic motor is used to cool the alternator and then recycled. The alternator itself weighs only 
54.5 kg. (Air France) 





Figure 19-12 This rotating-field alternator was first installed in North America in 1888. It was used in a 1000-lamp street 
lighting system. The alternator was driven by an 1100 r/min steam engine and had a rated output of 2000 V, 
30 A at a frequency of.110 Hz. lt weighed 2320 kg, which represents 26 W/kg. A modern alternator of 
equal speed and power produces about 140 W/kg and occupies only one-third the floor space. 
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Figure 19-13 No-load saturation curve of a 36 MW, 21 kV, 3-phase alternator. 


ways bigger than high-speed machines of equal 
power. Bigness simplifies the cooling problem; a 
good air-cooling system, completed perhaps with a 
heat exchanger, usually suffices. For example, the 
large, slow-speed 500 MVA, 200 r/min alternators 
installed in a typical hydropower plant, are air- 
cooled whereas the much smaller high-speed 
500 MVA, 1800 r/min units installed in a steam 
plant, are hydrogen-cooled. 


19-8 No-load operation 


Figure 19-13 shows atwo-pole alternator operating 
at no-load. It is driven at constant speed by a tur- 
bine (not shown). The leads from the 3-phase wye- 
connected stator are brought out to terminals A, 
B, C, N and a variable exciting current /,, produces 
the flux in the air gap. 

Let us gradually increase the exciting current 
while observing the ac voltage £9 between terminal 


A, say, and the neutral N. For small values of /,, 
the voltage increases in proportion to the exciting 
current. However, as the iron begins to saturate, 
the voltage rises much less for the same increase in 
I,. \f we draw the curve of £9 versus J, we obtain 
the no-load saturation curve of the alternator. It is 
similar to that of a dc generator (Sec. 14-10). 

Figure 19-13 is the actual no-load saturation 
curve of a 36 MW alternator having a nominal volt- 
age of 12 kV (line to neutral). Up to about 9 kV, 
the voltage increases in proportion to the current, 
but then the iron begins to saturate. Thus, an ex- 
citing current of 100A produces an output of 
12 kV, but if the current is doubled, the voltage 
rises only to 15 kV. 


19-9 Synchronous reactance - 
equivalent circuit of an alternator 


Consider an alternator having terminals A, B, C, 
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feeding a balanced 3-phase load (Fig. 19-14). The 
alternator is driven by a turbine (not shown), and 
is excited by a dc current J,. We can assume that 
the machine and its load are connected in wye, 
yielding the circuit of Fig. 19-15. Although neu- 
trals Ny and N, are not connected, they are at the 
same potential because the load is balanced. Con- 
sequently, wecou/d connect them together (dotted 
line) without affecting the behavior of the voltages 
or currents in the circuit. The reason for making 
this connection will soon become clear. 

The revolving field carries an exciting current 
which produces a flux ®. The flux induces, in the 
stator, three equal voltages Eo, that are 120° out 
of phase (Fig. 19-16). 

Each phase of the stator winding possesses a re- 
sistance R and a certain inductance L. Because this 
is an alternating-current machine, the inductance 
manifests itself as a reactance Xz, given by: 


Xs = 2nfL 
where 

X ,= synchronous reactance, per phase [{2] 

f = alternator frequency [Hz] 

L = apparent inductance of the stator wind- 

ing, per phase [H] 

The so-called synchronous reactance of an alter- 
nator is an internal impedance. Just like its inter- 
nal resistance R, the impedance is there, but it can 
neither be seen, nor touched. Nevertheless, the 
synchronous reactance behaves like an ac inductor, 
in series with £9 and R. The value of X, is 10 to 
100 times greater than R; consequently, we can 
neglect the resistance, unless we are interested in 
efficiency or heating effects. 


The schematic diagram of Fig. 19-16 is quite 
elaborate, but we can simplify it by showing only 
one phase of the stator. In effect, the two other 
phases are identical, except that their respective 
voltages (and currents) are out of phase by 120°. 
Furthermore, if we neglect the resistance of the 
windings, we obtain the very simple circuit of Fig. 
19-17. 

In this circuit, the exciting current /, produces 
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Figure 19-14 Alternator connected to a load. 
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Figure 19-15 Electric circuit representing the installa- 
tion of Fig. 19-14. 





Figure 19-16 Voltages and impedances in a 3-phase al- 
ternator and its connected load. 


the flux ® which induces the internal voltage £'o. 
Voltage & at the terminals of the alternator de- 
pends upon £’y and the load Z. Note that Ey and E 





Figure 19-17 Equivalent circuit of a 3-phase alternator, 
showing only one phase. 


are line-to-neutral voltages and J is the line current. 
An alternator can therefore be represented by an 
equivalent circuit composed of an induced voltage 
Eo in series with a reactance X,. 

We can determine the approximate value of X, 
by exciting the alternator so that it generates its 
rated open-circuit voltage EF’, (line-to-neutral). The 
three armature terminals are then shorted, and the 
exciting current /, is brought up to the same value 
it had before. The short-circuit current J,. is mea- 
sured and_X, is calculated by using the expression 


where 
X,; = synchronous reactance, per phase [2] 
Ei, = rated open-circuit line-to-neutral voltage 
[V] 
Is¢ = short-circuit current, per phase, using the 


same exciting current /, that was required 
to produce £’, [A] 


Example 19-2: 
A 3-phase alternator generates an open-circuit line 
voltage of 6920 V when the dc exciting current is 
50 A. The ac terminals are then short-circuited, 
and the three line currents are found to be 800 A. 
a. Calculate the synchronous reactance per phase; 
b. Calculate the terminal voltage if three 12 Q re- 
sistors are connected in wye across the alterna- 
tor. 


* This value of X, corresponds to the direct-axis syn- 
chronous reactance, It is widely used to describe syn- 
chronous machine behavior. 
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Solution: 
a. 1 The induced line-to-neutral voltage is: 
Ey = E,A/3 = 6920/1.73 
= 4000 V 
a. 2 When the terminals are shorted, the only im- 
pedance limiting the current flow is that due 
to the synchronous reactance. Consequently: 
X, = E o/I = 4000/800 
= 5Q) 
The synchronous reactance per phase is 
therefore 5 Q. 
b.1 The equivalent circuit per phase is shown in 
Fig. 19-18a. 


Eq. 9-4 


sooo v (Ea ) feo 


Figure 19-18 a. See Example 19-2. 


b.2 The impedance of the circuit is: 


Z = VR?4+X, = V12?+5? Eq. 7-15 © 
= 132 
b.3 I = E,/Z = 4000/13 
= 308A 


b.4 The voltage across the resistor is: 
& = IR = 308x 12 = 3696 V 

b.5 The line voltage under load is: 

E,. = V3 E = 1.73 x 3696 
6394 V 
The schematic diagram of Fig. 19-18b helps 
us visualize what is happening in the actual 
Circuit. 


Ix 





line voltage = 6394 V 
alternator 


Figure 19-18 b. See Example 19-2. 
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19-10 Nominal impedance, per unit _X, 
and short-circuit ratio 


The nominal impedance of an alternator is the 
ratio of the rated line-to-neutral voltage divided by 
the rated line current. We can readily prove that its 
value is given by: 


(19-3) 





Zn = nominal impedance (line-to-neutral) of 
the alternator [Q] 

Ey, = rated line voltage [V] 

Spy = rated power of the alternator [VA] 


The nominal impedance is used as a base of 
comparison for other impedances that the alterna- 
tor possesses. Thus, the synchronous reactance 
may be expressed as a per-unit value of Zp. In gen- 
eral, X, lies between 0.8 Z, and 2 Z,, depending 
upon the design of the machine. 


Example 19-3: 

A 30 MVA, 15 kV, 60 Hz alternator has a synchro- 
nous reactance of 1.2 p.u. and a resistance of 
0.02 p.u. Calculate: 

a.- the nominal impedance of the alternator; 

b. the value of the synchronous reactance; 

c. the winding resistance, per phase; 

d. the total full-load copper losses. 


Solution: 
a. 1 The nominal line-to-neutral impedance is: 
Zn= En lSn Eq. 19-3 
15 0007/(30 x 10°) 
7.5 Q 
b. 1 The synchronous reactance is: 
X,= 1.2Z, = 1.2x 7.5 
= 92 
c.1 The resistance per phase is: 
R = 0.02 Z, = 0.02 x 7.5 
= 0.15 2 
Note that all impedance values are from line 
to neutral. 


d.1 The copper losses for all 3 phases are: 
P = 0.02 S, = 0.02 x 30 = 0.6 MW 
= 600 kW 

The synchronous reactance does not remain 
constant, but varies with the degree of saturation. 
When the iron is heavily saturated, the value of X, 
may be only half its unsaturated value. Despite 
this rather broad variation, we usually take the un- 
saturated value for X, because it yields sufficient 
accuracy in most cases. 

Instead of expressing the synchronous reactance 
as a per-unit value of Z,, the term short-circuit ratio 
is sometimes used. It is the ratio of the field cur- 
rent /,4 needed to generate rated open-circuit ar- 
mature voltage to the field current /,. needed to 
produce rated current /,, on a sustained short- 
circuit. The short-circuit ratio (y4/I,2) is a num- 
ber whose value is exactly equal to the reciprocal 
of the per-unit value of X, as defined in Eq. 19-2. 
Thus, if the per-unit value of X, is 1.2, the short- — 
circuit ratio is 1/1.2 or 0.833. 


19-11 Alternator under load 


The behavior of an alternator depends upon the 
type of load it has to supply. Although there are 
many types of loads, they can all be reduced to 2 
basic categories: 
1. isolated loads, supplied by one alternator; 
2. the infinite bus. 

We shall begin our study with isolated loads 
leaving the discussion of the infinite bus to Sec. 
19-13. 


Consider a 3-phase alternator that supplies 
power to a load having a lagging power factor. Fig- 
ure 19-19 represents the equivalent circuit for one 


phase, and line current / lags behind voltage E’ by 


an angle 6. The current produces a voltage drop F,, 
across the synchronous reactance, given by: 
E, = IX. | 

This internal drop is 90° ahead of the current 

because X, is an inductive reactance. The induced 

voltage E’p is equal to the phasor sum of F and Fy. 

As we would expect, it is larger than the terminal 





Figure 19-19 Equivalent circuit of an alternator under 
load. 


voltage &. Voltage F’p is generated by the dc ex- 
citing current /,. The complete phasor diagram is 
given in Fig. 19-20. 





Figure 19-20 Phasor diagram for a lagging power factor 
load. 


In some cases, the load is somewhat capacitive, 
so that current J leads the terminal voltage by an 
angle @. What effect does this have on the phasor 
diagram? The answer is given in Fig. 19-21. The 
voltage E, across the synchronous reactance is still 
90° ahead of the current. Furthermore, Eo is again 
equal to the phasor sum of £ and £,. However, the 
terminal voltage is now greater than the induced 
voltage, which is a very surprising result. In effect, 
the inductive reactance X, enters into partial reso- 





Figure 19-21 Phasor diagram for a leading power factor 
load. 
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nance with the capacitive reactance of the load. 
Although it may appear we are getting something 
for nothing, the higher terminal voltage does not 
yield any more power. 

If the load is entirely capacitive, a very high ter- 
minal voltage can be produced with a small ex- 
citing current. However, in later chapters, we shall 
see that under-excitation is undesirable. 


Example 19-4: 

A 36 MVA, 21 kV, 3-phase alternator has a syn- 
chronous reactance of 9 {2, and a nominal current 
of 1kA. The no-load saturation curve giving the 
relationship between £ and J, is given in Fig. 
19-13. If the excitation is adjusted so that the ter- 
minal voltage remains fixed at 21 kV, calculate the 
exciting current required and draw the phasor dia- 
gram for the following conditions: 

a. no-load; 

b. resistive load of 36 MW; 

c. capacitive load of 12 Mvar. 


Solution: 
We shall immediately simplify the circuit to show 
only one phase. The line-to-neutral terminal volt- 
age for all cases is fixed at: 
FE = 21/1.73 = 12 kV 
a.1 At no-load, there is no voltage drop in the 
synchronous reactance; consequently, 
Eg= E = 12kV 
a.2 The exciting current is: 
Ix = 100 (see Fig. 19-13) 
a. 3 The phasor diagram is given in Fig. 19-22a. 
E,Eo 


TTS 


12 kV 
(a) 


Figure 19-22 a. Phasor diagram at no-load. 


b. 1 The power per phase is: 
P = 36/3 = 12 MW 
b. 2 The full-load line current is: 
I = P/E = 12x 10°/12000 = 1000A 
This current is in phase with the terminal 
voltage. 
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b.3 The voltage drop across X, is: 
Fy= IX, = 1000x9 = 9kV 
This voltage is 90° ahead of J. 
b.4 The voltage generated by /, is equal to the 
phasor sum of £ and Fy. Its value is given by: 
Eo= VE? +E,2 = V122 +9? 
= 15kV 
b.5 The corresponding exciting current is: 
I, = 200A (see Fig. 19-13) 
b.6 The phasor diagram is given in Fig. 19-22b. 


Ey Es 

9kV 15 kV va 

| 

| 

| 

| 

] E 

1kA 12k 


Figure 19-22 b. Phasor diagram with a unity power 
factor load. 


c.1 With a capacitive load of 12 Mvar the reac- 
tive power per phase is: 
Q = 12/3 = 4 Mvar 
c.2 The line current is: 
I = Q/E = 4x 10°/12 000 = 333A 
c.3 The voltage drop across_X, is: 
By= IX, = 333x9 = 3kV 
As before, Ey, leads J by 90° (Fig. 19-22c). 
c.4 The voltage generated by /, is equal to the 
phasor sum of & and £. 
Bo= E+, = 12+ (-3) = 9kV 
c.5 The corresponding exciting current is: 
I, = 7OA (see Fig. 19-13) 
c.6 The phasor diagram for this capacitive load 
is given in Fig. 19-22c. 


i 
E 
Ex Eo 12 k 
3kV 9kV 


Figure 19-22 c. Phasor diagram with a capacitive load. 


19-12 Synchronization of an alternator 


We sometimes have to couple two or more alterna- 
tors in parallel to supply a common load. For ex- 
ample, as the power requirements of a large utility 
system build up during the day, alternators are 
successively connected to the system to provide | 
the extra power. Later, when the power demand 
falls, selected alternators are disconnected from 
the system until power again builds up the follow- 
ing day. Alternators are therefore regularly being 
connected and disconnected from a large power 
grid, in response to customer demand: 

Before connecting an alternator to a system (or 


in parallel with another alternator), it must be syn- 


chronized. An alternator is said to be synchronized 
when it meets all of the following conditions: 


1. the alternator frequency is equal to the system 
frequency; 

2. the alternator voltage is equal to the system 
voltage; 

3. the alternator voltage is in phase with the sys- 
tem voltage. 


To synchronize an alternator, we proceed as 
follows: 

1. adjust the speed regulator of the turbine so 
that the alternator frequency is close to the sys- 
tem frequency; 

2. adjust the excitation so that the alternator 
voltage £’p is equal to the system voltage E; 

3. observe the phase angle between Ly and E by 
means of a synchroscope (Fig. 19-23). This in- 
strument has a pointer that continually indi- 
cates the phase angle between the two voltages, 
covering the entire range from zero to 360 de- 
grees. Although the degrees are not shown, the 
dial has a zero marker to indicate when the 
voltages are in phase. In practice, when we syn- 
chronize an alternator, the pointer rotates slow- 
ly as it follows the phase angle between the al- 
ternator and system voltages. If the alternator 
frequency is slightly higher than the system fre- 
quency, the pointer rotates clockwise, indi- 
cating that the alternator has a tendency to lead 





Figure 19-23 Synchroscope. (Lab-Vo/t) 


the system frequency. Conversely, if the alterna- 
tor frequency is slightly low, the pointer rotates 
counterclockwise. The turbine speed-regulator 
is fine-tuned accordingly, so that the pointer 
barely creeps across the dial. A final check is 
made to see that the alternator voltage is still 
equal to the system voltage. Then, the moment 
the pointer crosses zero... 
4. the line circuit breaker is closed, connecting the 
alternator to the system. 
In modern generating stations, synchronization 
is usually done automatically. 


SUUBRA EY 
RS R 
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19-13 Alternator on an infinite bus 


We seldom have to couple only two alternators in 
parallel except, perhaps, in isolated areas (Fig. 
19-24). It is much more common to connect an al- 
ternator to a large power system that already has 
dozens of alternators connected to it. Such a sys- 
tem is called an infinite bus. 

An infinite bus is a system so powerful that it 
imposes its own voltage and frequency upon any 
apparatus connected to its terminals. Once con- 
nected to a large system (infinite bus), an alterna- 
tor becomes part of a network comprising hun- 
dreds of other alternators that deliver power to 
thousands of loads. It is impossible, therefore, to 
specify the nature of the load (large or small, resis- 
tive or capacitive) connected to the terminals of 
this particular alternator. What, then, determines 
the power the machine delivers? To answer this 
question, we must remember that the value and 
frequency of the terminal voltage across the alter- 
nator is fixed. Consequently, we can control only 
two machine parameters: 

1. the exciting current J,; 
2. the mechanical power of the turbine. 

Let us see how a change in these parameters af- 
fects the performance of the machine. 


Figure 19-24 


This floating oil derrick provides its own energy 
needs. Four diesel-driven alternators rated 
1200 kVA, 440 V, 900 r/min, 60 Hz supply all 
the electrical energy. Although ac power is gen- 
erated and distributed, all the motors on board 
are thyristor-controlled dc motors. (Siemens) 
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19-14 Infinite bus - 
effect of varying the exciting current 


Immediately after we synchronize an alternator 
with an infinite bus, the induced voltage Eo is 
equal to, and in phase with, the terminal voltage £ 
of the system (Fig. 19-25a). There is no difference 
of potential across the synchronous reactance and, 
consequently, the load current J is zero. Although 
the alternator is connected to the system, it deliv- 
ers no power; it is said to “float’”’ on the line. 

If we now increase the exciting current, the 
voltage Fy will increase and the synchronous reac- 
tance X, will experience a difference of potential 
Fy. = Eo -F. A current I = (Eo - E)/X, will circulate 
in the circuit and, because the synchronous reac- 
tance is inductive, the current lags 90° behind E,, 
(Fig. 19-25b). The current is, therefore, 90° 
behind £, which means that the alternator ‘‘sees”’ 
the system as if it were an inductor. Consequent- 
ly, when we over-excite an alternator, it supplies 
reactive power to the infinite bus. The reactive 
power increases as we raise the dc exciting current. 
Contrary to what we might expect, it is impossible 
to change the active power of an alternator by 
varying its excitation. 

Let us now decrease the exciting current so that 
Eg becomes smaller than &. Phasor 4, = Ho - E 
now points to the left, and the resulting current / 
= E,/X, again lags 90° behind Ey (Fig. 19-25c). 
However, J is now 90° ahead of E, which means 
that the alternator “‘sees”’ the system as if it were a 
capacitor. Consequently, when we under-excite an 
alternator, it draws reactive power from the sys- 
tem. This reactive power produces part of the mag- 
netic field required by the machine; the remainder 
is supplied by exciting current /,. 


19-15 Infinite bus - 
effect of varying the mechanical torque 


Let us return to the situation with the alternator 
floating on the line, Eg and & being equal and in 
phase. If we open the steam valve of the turbine 
driving the alternator, the immediate result is an 


increase in mechanical power. The rotor will accel- 
erate and, consequently, £5 will attain its maxi- 
mum value a little sooner than before. Phasor Fo 
will slip ahead of phasor £, leading it by a phase an- 
gle 6. Although both voltages have the same value, 
the phase angle produces a difference of potential 
Ey = Eo - E across the synchronous reactance (Fig. 
19-26b). A current J will flow (again lagging 90° 
behind £,,), but it is now almost in phase with £. 
It follows that the alternator pumps active power 
into the system. The rotor will continue to acceler- 
ate, the angle 6 will continue to diverge, and the 
electrical power delivered to the system will gradu- 
ally build up. However, as soon as the electrical 
power delivered to the system is equal to the me- 
chanical power supplied by the turbine, the rotor 
will cease to accelerate. The alternator will again 
run at synchronous speed, and the so-called torque 
angle 6 between Fy) and E remains constant. 


It is important to understand that a difference 
of potential is created when two equal voltages are 
out of phase. Thus, in Fig. 19-26, a potential dif- 
ference of 4 kV exists between £9 and £, although 
both voltages have a value of 12 kV. 


19-16 Physical interpretation 
of alternator behaviour 


The phasor diagram of Fig. 19-26b shows that 
when the phase angle between F') and £ increases, 
the active power delivered by the alternator also 
increases. To understand the physical meaning of 
the diagram, let us examine the currents, fluxes, 
and position of the poles inside the machine. 


Whenever 3-phase currents flow in the stator of 
an alternator, they produce a rotating magnetic 
field, identical to that in an induction motor. In an 
alternator, this field rotates at the same speed and 
in the same direction as the rotor. Furthermore, it 
has the same number of poles. The respective 
fields produced by the rotor and stator are, there- 
fore, stationary with respect to each other. De- 
pending on the relative position of the poles, either 
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E,=£=12 kV 
_—}. 





Figure 19-25 a. Alternator ‘‘floating’’ on an infinite bus. 


infinite bus 





Figure 19-25 c. Under-excited alternator on an infinite bus. 





turbine 





—<$<}> 
12 kV 


Figure 19-26 a. Turbine driving the alternator. b. Phasor diagram showing the torque angle 6. © 
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Figure 19-27 Relationship between the mechanical displacement angle a and the torque angle 6. 


weak or powerful forces of attraction and repulsion 
are set up between them. When the alternator 
floats on the line, the stator current is zero and no 
forces are developed. The only flux is that created 
by the rotor, and it induces voltages Ey (Fig. 
19-27a). 

If a mechanical torque is applied to the alterna- 
tor (by admitting more steam to the turbine, for 
example), the rotor accelerates and gradually ad- 
vances by a mechanical angle a, compared to its 
original position (Fig. 19-27b). Stator currents im- 
mediately begin to flow, owing to the electrical 
phase angle 6 between induced voltage Fy and ter- 
minal voltage &. The stator currents create a re- 
volving field and a corresponding set of N and S 
poles. Forces of attraction and repulsion are devel- 
oped between the stator poles and rotor poles, and 
these magnetic forces produce a torque that tends 
to bring the rotor back to its former position. 
When the electromagnetic torque is equal to the 
mechanical torque, the mechanical angle will no 
longer increase, but will remain at a constant value 
Q, 

There is a direct relationship between the me- 
chanical angle a and the phase angle 6, given by: 


where 

6 = torque angle between the terminal voltage 
and the excitation voltage [electrical de- 
grees] 

DP = number of poles on the alternator 

@ = mechanical angle between the centers of 
the stator and rotor poles [mechanical de- 
grees] 


Example 19-5: 

The rotor poles of an 8-pole alternator shift by 10 

mechanical degrees, between no-load and full-load. 

a. Calculate the torque angle between Fy and the 
terminal voltage at full load: 

b. Which voltage is leading? 


Solution: 
a. 6 = pa/2 = 8x 10/2 
= 40° 
b. When an alternator delivers active power Eo 
always leads E. 


Eq. 19-4 


19-17 Active power delivered 


We can prove that the active power delivered by an 
alternator is given by the equation: 


(19-5) 





P = active power, per phase [W] 

Eo = induced voltage, per phase [V] 
FE = terminal voltage, per phase [V] 

X 5 = synchronous reactance per phase [{2] 
5 = torque angle between Ey and E£ [°] 


* 


This equation is derived below. 
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To understand the meaning of this equation, 
suppose an alternator is connected to an infinite 
bus having a voltage E. Furthermore, assume that 
the dc excitation is kept constant, so that £4 is 
constant. The term E9E/X, is then fixed, and the 
power will vary directly with sin 6, the sine of the 
torque angle. The active power which the alterna- 
tor delivers to the bus will increase with the torque 
angle. Thus, as we admit more steam, 6 will in- 
crease and so, too, will the power. However, there 
is an upper limit to the active power the alternator 
can deliver. This limit is reached when 6 is 90°. 
The peak power is then P = EoF/X,. If we try to 
exceed this limit (such as by admitting more steam 
to the turbine), the alternator will accelerate and 
lose synchronism with the infinite bus. The rotor 










The circuit of Fig. 19-27A is used to represent several 
important power devices and systems. For example, it 
is encountered in the study of alternators, synchro- 
nous motors and transmission lines. In such circuits, 
we are often interested in the active power transmitted 
from source £, to source £,, or vice versa. Applying 
Kirchhoff’s voltage law to this circuit, we obtain the 






















I 





Figure 19-27A 


POWER TRANSFER BETWEEN TWO SOURCES 





equation: 
BE, = £,+jIX 
If we assume that J lags behind F, by an arbitrary 
angle 6,, and that £,, leads E, by an angle 5, we obtain 
the phasor diagram shown. Phasor LX leads J by 90°. 
The active power absorbed by E, is: 
P = E,I cos 6 (19-a) 

From the sine law for triangles, we have: 

IX/sin& = E,/siny 
E,/sin (90 + @) 
E,,/cos 0 


Il 


Consequently, / cos @ =E, sin §/X (19-b) 
Substituting in Eq. 19-a, we find: 


active power transmitted [W] 


E, = voltage of source 1 [V] 
E, = voltage of source 2 [V] 
6 = phase angle between £, and £, [°] 
X = reactance connecting the sources [2] 


The active power received by EF, is equal to that 
delivered by £,, because the reactance consumes no 
active power. Its magnitude is determined by the 
phase angle between £,, and £,,: the angle 0 between 
FE’, and I does not have to be known. 
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will turn faster than the rotating field of the stator, 
and large, pulsating currents will begin to flow in 
the stator. In practice, this condition is never 
reached because the circuit-breakers trip as soon as 
synchronism is lost. We then have to resynchronize 
the alternator before it can again pick up the load. 


Example 19-6: 

A 36MVA, 21 kV, 1800 r/min alternator has a 

synchronous reactance of 5 {2 per phase. If the ex- 

citing voltage is 12 kV (line-to-neutral), and the 

system voltage is 17.3 kV (line-to-line), calculate: 

a. the power which the machine delivers when the 
phase angle 5 is 30°: 


b. the peak power which the machine can deliver . 


before it falls out of step. 


Solution: 
a.1 Wehave Ey = 12 kV; 
E = 17.3kV/A/3 = 10kV; 
5 = 30° 
a.2 The power delivered is: 
P = (EoE/X,) sin 6 
(10 x 12/5) x 0.5 
12 MW 
The total power delivered by all three phases 
is 36 MW. 
b. The maximum power, per phase, is attained 
when 5 = 90°: 
P = (EoE/X;) sin 90 
(10 x 12/5) x 1 
24 MW 
The peak power of the alternator is, there- 
fore, 72 MW. 


Il 


19-18 Transient reactance 


An alternator connected to a system is subject to 
unpredictable load changes that sometimes occur 
very quickly. In such cases, the simple equivalent 
circuit shown in Fig. 19-17 does not reflect the 
behavior of the alternator. This circuit is only valid 
under steady-state conditions, or when the load 
changes gradually. 

For sudden load current changes, the synchro- 


short- 
X' circuit 





normal 
load —>}«—____-short-circuit 





Alternator 
reactance 





——> time 


Figure 19-28 Variation of alternator reactance following 
a short-circuit. 


nous reactance X, must be replaced by another 
reactance X’ whose value varies as a function of 
time. Figure 19-28 shows how X’ varies when the 
normal alternator load is suddenly short-circuited. 
Prior to the short-circuit, the reactance is simply 
X,;. However, at the instant of short-circuit, the 
reactance immediately falls to a much lower value 
X"g. It then increases gradually until it is again 
equal to X, after a time interval T. The duration of 
the interval depends upon the size of the alterna- 
tor. For machines below 100 kVA it only lasts a 
fraction of a second, but for machines in the 
1000 MVA range, it may last as long as 10 seconds. 

The minimum reactance X‘g is called the tran- 
sient reactance of the alternator. It may be as low 
as 15% of the synchronous reactance. Consequent- 
ly, the initial short-circuit current is much higher 
than that corresponding to the synchronous reac- 
tance X;. This has a direct bearing on the size of 
the circuit breakers at the alternator output. In ef- 
fect, because they are designed to interrupt a cir- 
Cuit in two or three cycles, it follows they have to 
interrupt a very high current. 

On the other hand, the low reactance accompa- 


nying rapid load changes, simplifies the voltage 
regulation problem. First, the internal voltage drop 
due to X’ is smaller than it would be if the syn- 
chronous reactance X, were acting. Second, X’ 
stays at a value far below X, for a sufficiently long 
time to enable us to quickly raise the exciting cur- 
rent /,. Raising the excitation, increases Eo, which 
helps maintain a reasonably stable terminal voltage. 


Example 19-7: 

A 250 MVA, 25 kV, 3-phase turboalternator has a 

synchronous reactance of 1.6 p.u. and a transient 

reactance X‘q of 0.23 p.u. It delivers its rated out- 

put at a power factor of 100%. A short-circuit sud- 

denly occurs on the line, close to the generating 

station. Calculate: 

a. the induced voltage £9 prior to the short-circuit; 

b. the initial value of the short-circuit Current; 

c. the final value of the short-circuit current if the 
circuit-breakers fail to open. 


Solution: 
a. 1. The nominal impedance of the alternator ts: 
Zy = En?/Sn = 25 0007/(250 x 10°) 
= 2.50 


a.3 The terminal voltage per phase is: 


E = 25//3 = 144kV 
a.4 The load current per phase is: 
I = S/73E 
= 250 x 10°/(1.73 x 25 000) 
= 5/80A 


a.5 The internal voltage drop is: 
E, = IX, = 5780x4 
= 23.1 kV 
a.6 The current is in phase with £; consequently, 
according to the phasor diagram (Fig. 19-29), 
Eg is: 
Ey = VE° +E,2 = V14.4? + 23.1? 
= 27.2 kV 
b.1 The transient reactance Is: 
X'qg = 0.23 x 2.5 
= 0.575 


alternator 
current 


b. 2 


c. 1 
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14.4 kV 


5780 A 


Figure 19-29 See Example 19-7. 


The initial short-circuit current ts: 
Igo = Eo/X'g = 27.2/0.575 
= 47.3 kA 
which is 8.2 times rated current. 
If the short-circuit is sustained and the ex- 
citation is unchanged, the current will even- 
tually level off at a steady-state value of: 
I = Eo/X, = 27.2/4 
= 6.8kA 
which is only 1.2 times rated current. 

Figure 19-30 shows the alternator current 
before and during the short-circuit. We as- 
sume a time interval 7 of 5 seconds. Note 
that in practice the circuit breakers would 
certainly trip within 0.1s after the short- 
circuit occurs. Consequently, they have to 
interrupt a current of about 47 kA. 
rated 


short-circuit ————»——> 


47.3 kA 





load—>| 





Figure 19-30 See Example 19-7. 
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19-19 Control of active power 


When a single alternator supplies power to a sys- 
tem, its speed and frequency are kept constant by 
an extremely sensitive governor. This device can 
detect speed changes as small as 0.01%. An auto- 
matic control system, sensitive to such small speed 
changes, immediately modifies the valve (or gate) 
opening of the turbine so as to maintain a constant 
speed and frequency. 

On a big utility network, the power delivered 
by each alternator depends upon a program estab- 
lished in advance between the various generating 
stations. The operators communicate with each 
other to modify the power delivered by each sta- 
tion so that the generation and transmission of 
energy is as efficient as possible. In more elaborate 
systems, the entire network is under the control of 
a computer. 

In addition, individual overspeed detectors are 
always ready to respond to a large speed change, 
particularly if an alternator, for one reason or an- 
other, should suddenly become disconnected from 
the system. Because the steam valves (or water 
gates) are still wide open, the alternator will rapid- 
ly accelerate and may attain a speed 50% above 
normal in 4 to 5 seconds. The centrifugal forces at 
synchronous speed are already close to the limit 
the materials can withstand, so any excess speed 
can quickly create a very dangerous situation. Con- 
sequently, steam valves and water gates must im- 
mediately be closed off, during such emergencies. 


QUESTIONS AND PROBLEMS 
Practical level 


19-1 What are the advantages of a stationary ar- 
mature in large alternators? Why is the stator 
always connected in wye? 

19-2 State the main differences between turboal- 
ternators and salient-pole alternators. For a 
given power output, which of these machines 
is the larger? 


19-3 In analyzing a hydropower site, it is found 
that the turbines should turn close to 
350 r/min. If the directly-coupled alternator 
must generate a frequency of 60 Hz, calcu- 
late: 

a. the number of poles on the rotor; 
b. the exact turbine speed. 

19-4 An alternator generates a no-load line voltage 
of 13.2 kV. If a load having a lagging power 
factor of 0.8 is connected to the machine, 
must the excitation be increased or decreased 
in order to maintain constant line voltage? 

19-5 What conditions must be met before an al- 
ternator can be connected to a 3-phase sys- 
tem? 

19-6 Calculate the number of poles on the alter- 
nator in Fig. 19-12 using the information 
given. 

19-7 Calculate the number of poles on the aircraft 
alternator shown in Fig. 19-11. 

19-8 An alternator turning at 1200 r/min gener- 
ates a no-load voltage of 9 kV, 60 Hz. How 
will the terminal voltage be affected if the 
following loads are connected to its termi- 
nals? 

a. resistive load; 
b. inductive load; 
Cc. Capacitive load. 

19-9 In Problem 19-8, calculate the no-load volt- 
age and frequency if the speed is: 
a. 1000 r/min b. 5 r/min. 


Intermediate level 


19-10 What is meant by the synchronous reac- 
tance of an alternator? Draw the equivalent 
circuit of an alternator, and explain the 
meaning of all the parameters. 

19-11 State the advantages of brushless excitation 
systems over conventional systems. Using a 
schematic diagram, show how the rotor in 
Fig. 19-7 is excited. 

19-12 Referring to Fig. 19-13, calculate the ex- 
citing current needed to generate a no-load 
line voltage of: a. 24.2 kV; b. 12.1 kV. 


19-13 An alternator possesses a synchronous reac- 
tance of 6 {2 and an excitation voltage / of 
3kV per phase (ref. Fig. 19-19). Calculate 
the line-to-neutral voltage / for a resistive 
load of 8 {2 and draw the phasor diagram. 

19-14 a. In Problem 19-13, draw the curve of # 

versus J for the following resistive loads: 
infinity, 24, 12, 6, 3, 0 ohms. 

b. Calculate the active power P per phase, 
in each case. 

c. Draw the curve of & versus P. For what 
value of load resistance is the power 
output a maximum? 

19-15 Referring to Fig. 19-2, calculate the length 
of one pole pitch measured along the inter- 
nal circumference of the stator. 

19-16 The 3-phase alternator shown in Fig. 19-16 
has the following characteristics: 

Eo = 2400 V; X,= 1449; R=17 Q; load 
impedance Z = 175 Q2 (resistive). Calculate: 
a. the synchronous impedance Z,, per phase; 
b. the total resistance of the circuit, per 
phase; 
c. the total reactance of the circuit, per 
phase; 

. the line current; 

the line-to-neutral voltage across the load; 

the line voltage across the load; 

the power of the turbine driving the alter- 

nator; 

h. the phase angle between £9 and the volt- 
age across the load. 

19-17 A 3-phase alternator rated 3000 kVA, 
20 kV, 900 r/min, 60 Hz delivers power to a 
2400 kVA, 16kV_ load having a lagging 
power factor of 0.8. 

a. If the synchronous reactance is 100 Q2, 
calculate the value of £9, per phase; 

b. Calculate the exciting current required, 
knowing that the saturation curve of Fig. 
19-13 applies. 

19-18 The alternator in Fig. 19-2 has a synchro- 
nous reactance of 0.4 (2, per phase. It is con- 
nected to an infinite bus having a line volt- 
age of 14 kV, and the excitation voltage is 


ono a 
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adjusted to 1.14 p.u. Calculate: 

a. the torque angle 6; 

b. the mechanical displacement angle when 
the alternator delivers 420 MW; 

c. the linear pole shift (measured along the 
inside stator circumference) corresponding 
to this angle [in]. 


19-19 A test taken on the 500 MVA alternator of 


Fig. 19-2 yields the following results: 

1. open-circuit line voltage is 15 kV for adc 
exciting current of 1400 A; 

2. when the armature is shorted, the corre- 
sponding ac line current is 21 000 A. 

Calculate: 

a. the nominal impedance of the alternator, 
per phase; 

b. the value of the synchronous reactance; 

the per unit value of X,; 

d. the short-circuit ratio. 


. 


Advanced level 


19-20 Thealternator in Fig. 19-2 has an efficiency 


of 98.4% when it delivers an output of 

500 MW. Knowing that the dc exciting cur- 

rent is 2400 A at a dc voltage of 300 V, cal- 

culate: 

a. the total losses in the machine; 

b. the copper losses in the rotor; 

c. the torque developed by the turbine; 

d. the average difference in temperature be- 
tween the cool incoming air and warm 
outgoing air, if the air flow is 280 m/s. 


19-21 Referring to Fig. 19-4, each coil on the 


rotor has 21.5 turns, and carries a de current 
of 500 A. Knowing that the air gap length is 
1.3 inches, calculate the flux density in the 
air gap at no-load. Neglect the mmf required 
for the iron portions of the magnetic circuit. 


19-22 Referring to Fig. 19-17, the following in- 


formation is given about an alternator: 

Fo=12kV; F=14kV; X,=2 Q; Eo leads 

E by 30°. 

a. Calculate the total active power output of 
the alternator; 
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b. draw the phasor diagram for one phase; or deliver reactive power and how much? 

c. calculate the power factor of the load. 19-25 The alternator in Problem 19-20 is driven 
19-23 The turboalternator shown in Fig. 19-3 has by a hydraulic turbine whose moment of in- 

a synchronous reactance of 1.3 p.u. The ex- ertia is 54 x 10° Ib-ft?. 

citation voltage Fg is adjusted to 1.2 p.u. and a. If the line circuit breakers suddenly trip, 

the machine is connected to an infinite bus calculate the speed of the generating unit 

of 19 kV. If the torque angle 6 is 20°, calcu- (turbine and alternator) 1 second later, 

late: | assuming that the wicket gates remain 

a. the active power output; wide open. 

b. the line current; b. By how many mechanical degrees do the 

c. draw the phasor diagram, for one phase. poles advance (with respect to their nor- 
19-24 In Problem 19-23, calculate the active mal position) during the 1 second inter- 

power output of the alternator if the steam val? By how many electrical degrees? 


valves are closed. Does the alternator receive 





SYNCHRONOUS 
MOTORS 


The alternators described in the previous chapter 
may operate either as generators or as motors. 
When operating as motors (by connecting them to 
a 3-phase source), they are called synchronous 
motors. As the name implies, synchronous motors 
run in synchronism with the revolving field. The 
speed of rotation is therefore tied to the frequency 
of the source. Because the frequency is fixed, the 
motor speed stays constant, irrespective of the 
load or voltage of the 3-phase line. However, syn- 
chronous motors are used not so much because 
they run at constant speed, but because they pos- 
sess other unique electrical properties. We shall 
study these properties in this chapter. 

Most synchronous motors are rated between 
150 kW (200 hp) and 15 MW (20 000 hp) and turn 
at speeds ranging from 150 to 1800 r/min. Conse- 
quently, these machines are mainly used in heavy 
industry (Fig. 20-1). At the other end of the power 
spectrum, we find tiny single-phase synchronous 
motors used in control devices and electric clocks. 
They are discussed in Chapter 21. 
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20-1 Construction 


Synchronous motors are identical in construction 
to salient-pole alternators. The stator is composed 
of a slotted magnetic core which carries a 3-phase 
lap winding. The winding is identical to that of a 
3-phase induction motor. 

The rotor has a set of salient poles that are ex- 
cited by de current (Fig. 20-2). The exciting coils 
are connected in series to two slip rings, and the dc 
current is fed into the winding from an external 
exciter. Slots are also punched out along the cir- 
cumference of the salient poles. They carry a 
squirrel-cage winding similar to that in a 3-phase 
induction motor. This so-called damper winding 
serves to start the motor. | 

Modern synchronous motors often employ 
brushless excitation, similar to that used in alterna- 
tors. Referring to Fig. 20-3, a 3-phase exciter and a 
rectifier are mounted at the end of the motor 
shaft. The dc output from the rectifier is fed di- 
rectly into the salient-pole windings, without going 
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through brushes and slip rings. The output of the 
exciter can be varied by controlling the small ex- 
citing current /, that flows in the stationary field 
winding. Figure 20-4 shows how the exciter, recti- 
fier and salient poles are mounted in a 3000 kW 
synchronous motor. 

The rotor and stator always have the same num- 
ber of poles. As in the case of an induction motor, 
the number of poles determines the synchronous 





speed 


Figure 20-1 


Three-phase, unity power factor synchronous 
motor rated 3000 hp, (2200 kW), 327 r/min, 
400 V, 60 Hz driving a compressor used in a 
pumping station on the Trans-Canada pipeline. 
Brushless excitation is provided by a 21 kW, 
250 V alternator/rectifier which is mounted on 
the shaft between the bearing pedestal and the 
main rotor. (General Electric) 


of the motor: 


(20-1) 





= motor speed [r/min] 
= frequency of the source [Hz] 
= number of poles 


Figure 20-2 


Rotor of a 50 Hz to 16 2/3 Hz frequency con- 
verter used to power an electric railway. The 4- 
pole rotor at the left is associated with a single- 
phase alternator rated 7000 kVA, 16 2/3 Hz, PF 
85%. The rotor on the right is for a 6900 kVA, 
50 Hz, 90% PF synchronous motor which drives 
the single-phase alternator. Both rotors are 
equipped with squirrel-cage windings. (Brown 
Boveri) 
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dc control source 


stationary exciter poles 


alternator (3-phase exciter) 


3-phase connection 


bridge rectifier 


dc line 


rotor of synchronous motor 


stator of synchronous motor 


3-phase input to stator 





Figure 20-3 Diagram showing the main components of a brushless exciter for a synchronous motor. It is similar to that of 
an alternator. 


Figure 20-4 a. 


Synchronous motor rated 4000 hp (3000 kW), 
200 r/min, 6.9 kV, 60 Hz, 80% power factor 
designed to drive an ore crusher. The brushless 
exciter (alternator/rectifier) is mounted on the 
overhung shaft and is rated 50 kW, 250 V. 
(General Electric) 


Figure 20-4 b. 


Closeup of the 50 kW exciter, showing the ar- 
mature winding and 5 of the 6 diodes used to 
rectify the ac current. (General Electric) 
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Example 20-1: 
Calculate the number of salient poles on the rotor 
of the synchronous motor shown in Fig. 20-4a. 


Solution: 
The motor operates at 60Hz and runs at 
200 r/min; consequently: 


Ns = 120f/p 
200 = (120 x 60)/p 
Dp = 36 poles 


The rotor possesses 18 north poles and 18 
south poles. 


20-2 Starting a synchronous motor 


A synchronous motor cannot start by itself; conse- 
quently, the rotor is usually equipped with a 
squirrel-cage winding so that it can start up as an 
induction motor. When the stator is connected to 
the 3-phase line, the motor accelerates until it 
reaches a speed slightly below synchronous speed. 
The dc excitation is suppressed during this period. 

While the rotor accelerates, the rotating flux 
created by the stator sweeps across the slower 
moving salient poles. Because the rotor coils pos- 
sess a relatively large number of turns, a high volt- 
age is induced in the rotor winding when it turns 
at low speeds. The voltage decreases as the rotor 
accelerates, and eventually becomes negligible 
when the rotor approaches synchronous speed. To 
limit the voltage, and to improve the starting 
torque, we either short-circuit the de winding or 
connect it to an auxiliary resistor during the sta- 
ing period. 

If the capacity of the supply line is limited, we 
sometimes have to. apply reduced voltage to the 
stator. As in the case of induction motors, we use 
either autotransformers or series reactors, to limit 
the starting current (see Chapter 22). Very large 
synchronous motors (20 MW and more) are some- 
times brought up to speed by an auxiliary motor, 
called a pony motor. Finally, in some big installa- 
tions, the motor may be brought up to speed by a 
variable-frequency electronic source. Such sources 
are covered in Chapter 25. 


20-3 Pull-in torque 


As soon as the motor approaches synchronous 
speed, we excite the rotor with dc current. If the 
resulting magnetic poles on the rotor face poles of 
opposite polarity on the stator at the moment the 
rotor is excited, a strong magnetic attraction ts set 
up between them (Fig. 20-5). The mutual attrac- 
tion locks the rotor and stator together, and so the 
rotor Is literally yanked into step with the revolving 
field. 

The pull-in torque of a synchronous motor is 
powerful, but the dc current must be applied at 
the right moment to produce the best effect. For 
example, if excitation is applied when the N-S 
poles of the rotor are opposite the N-S poles of the 
stator, the resulting magnetic repulsion produces a 
violent mechanical shock. The motor will immedi- 
ately slow down and the circuit breakers will trip. 
In practice, starters for synchronous motors are 
designed to detect the precise moment when ex- 
citation should be applied. The motor then pulls 
automatically and smoothly into step with the re- 
volving field. 

Once the motor turns at synchronous speed, no 
voltage is induced in the squirrel-cage winding. 
Consequently, the behavior of a synchronous 
motor is entirely different from that of an induc- 
tion motor. Basically, a synchronous motor rotates 
because of the magnetic attraction between the 
poles of the rotor and the opposite poles of the 
stator. 

To reverse the direction of rotation, we simply 
interchange any two lines connected to the stator. 


20-4 Motor under load - general description 


When a synchronous motor runs at no-load, the 
rotor poles are directly opposite the stator poles 
and their axes coincide (Fig. 20-5). However, if we 
apply a mechanical load, the rotor poles fall slight- 
ly behind the stator poles, while continuing to 
turn at synchronous speed. The mechanical angle 
a between the poles increases progressively as we 
increase the load (Fig. 20-6). Nevertheless, the 


axis of N pole | axis of S pole 
of rotor 





Figure 20-5 The poles of the rotor are attracted to the 
opposite poles on the stator. At no-load, the 
axes of the poles coincide. 


magnetic attraction keeps the rotor locked to the 
revolving field, and the motor develops an ever 
more powerful torque. . 

But there is a limit. If the mechanical load ex- 
ceeds the pu//-out torque of the motor, the rotor 
suddenly pulls away from the stator and the motor 
comes to a halt. A motor that pulls out of step cre- 
ates a major disturbance on the line, and the cir- 
cuit breakers immediately trip. This protects the 
motor because both the squirrel-cage and stator 
windings overheat rapidly when the machine ceases 
to run at synchronous speed. The pull-out torque 
depends upon the magnetic strength of both the 
rotor and stator poles. The strength of the rotor 
depends upon the dc excitation, while that of the 
stator depends upon the ac line voltage. The pull- 
out torque is usually 1.5 to 2.5 times the nominal 
full-load torque. 

The mechanical angle a between the rotor and 
stator poles has a direct bearing on the stator cur- 
rent. As the angle increases, the current increases. 
This is to be expected because a larger angle corre- 
sponds to a bigger mechanical load, and the in- 
creased power can only come from the ac source. 


20-5 Motor under load - simple calculations 


We can get a better understanding of the operation 
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Figure 20-6 The rotor poles are displaced with respect to 
the stator poles when the motor delivers me- 
chanical power. 


of asynchronous motor by referring to the equiva- 
lent circuit shown in Fig. 20-7a. It applies to one 
phase of a wye-connected motor. It is identical to 
the equivalent circuit of an alternator, because 
both machines are built the same way. Thus, the 
flux ® created by the rotor induces a voltage Ey in 
the stator. This flux depends on the dc exciting 
current /,. Consequently, £9 varies with the excita- 
tion. 


source 





Figure 20-7 a. Equivalent circuit of a synchronous 
motor, showing one phase. 


As already mentioned, the rotor and stator 
poles are lined up at no-load. Under these condi- 
tions, induced voltage Fo is in phase with line volt- 
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source 





® 
<- f —E —}- — 
age EF (Fig. 20-7b). If, in addition, we adjust the 


excitation so that E59 = £, the motor “‘floats’’ on 
the line, and the line current J is zero. 


Figure 20-7 a. 


E Ey 


Figure 20-7 b. No-load conditions. E and E, are equal 
and in phase. 


What happens if we now apply a mechanical 
load? The motor will begin to slow down, causing 
the rotor poles to fall behind the stator poles by 
an angle a. Owing to this mechanical lag, £9 reaches 
its maximum value a little later than before. Thus, 
referring to Fig. 20-7c, Eo is now 6 electrical de- 
grees behind &. In effect, the mechanical displace- 
ment @ produces an electrical phase shift 6 be- 
tween Ey and £. 


ee ee oe 
4 






5 = pe/2 


Figure 20-7. c. Motor under load. £, has the same value 
as in Fig. 20-7b, but it lags behind F,. 


The phase shift gives rise to a difference of po- 
tential FE, = E'- E),. This voltage appears across the 
synchronous reactance X,. Consequently, a current 
I must flow in the circuit, given by: 


I = (E-Eo\/Xs = Ex/Xz 


Furthermore, the current lags 90° behind £ be- 
cause X, is inductive. The phasor diagram under 
load is shown in Fig. 20-7c. Because J is nearly in 
phase with &, the motor absorbs active power. 
This power is entirely transformed into mechanical 
power, except for the relatively small copper and 
iron losses in the stator. 


Example 20-2: 

A synchronous motor connected to a 3980 V, 3- 
phase line generates an excitation voltage Ey of 
1790 V (per phase) when the dc exciting current 
is 25 A. The synchronous reactance is 22 {2 and 
the torque angle between Ey and E is 30°. Calcu- 
late: 

a. the value of Ey; 

b. the ac line current; 

c. the power factor of the motor. 


Solution: 

a. 1 Although we can calculate £, by using trigo- 
nometry, we can also determine its value by 
drawing a phasor diagram to scale. 

a.2 The line-to-neutral voltage is: 

FE = E,/1.73 = 3980/1.73 
= 2300 V 

a.3 Eo lags 30° behind E. If E and Fo are drawn 
to scale, we find that the length of F£, corre- 
sponds to £, = 1170 V (Fig. 20-8). 

b. 1 The line current is: 

I = E,/Xs, = 1170/22 
= 53A 

c.1 The current lags 90° behind Ey; consequent- 
ly, we draw it perpendicular to £,, as shown 
in Fig. 20-8. 

c.2 The angle between E and J is measured by a 
protractor. It is found to be: 

§ = 40° 


Eq. 9-4 





Figure 20-8 See Example 20-2. 


c.3 The power factor of the motor its: 
cos @ = cos40° = 0.766 Eq. 8-6 
The solution can be found quickly and accu- 
rately by trigonometry. Thus; referring to Fig. 
20-8: 


E,? = E?+Eo’-2E Eocos6 
= 2300 + 17907 
-~2 x 2300 x 1790 x cos 30 
= 1.363 x 10° 
. Ey, = 1167V 


The phase angle w between & and £ can be 
found from the sine law: 


E,/sin Wy = E,/sin 6 
1790/sin W = 1167/sin 30 
sin Ww = 0.7669 

. Ww = 50° 


Because J lags 90° behind E,, it follows that 
6 = 90-wW = 90-50 
= 40° 


20-6 Power and torque 


When a synchronous motor operates under load, it 
draws active power from the line. The power is 
given by the same equation we previously encoun- 
tered for the synchronous alternator in Chapter 19: 


P = (EoE/X,) sin 6 19-5 


As in the case of an alternator, the active power 
absorbed by the motor depends upon the line volt- 
age &, the excitation voltage Eo and the phase 
angle 6 between them. If we neglect the relatively 
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Figure 20-9 Basic phasor diagram of a synchronous 
motor. 


small /7R losses in the stator, all the power is trans- 
mitted across the air gap to the rotor. This is anal- 
ogous to the power P, transmitted across the air 
gap of an induction motor (See 17-13). However, 
in a synchronous motor, the rotor I’°R losses are 
entirely supplied by the dc source. Consequently, 
all the power transmitted across the air gap is avail- 
able in the form of mechanical power. Referring to 
Fig. 20-9, the mechanical power developed by a 
synchronous motor is therefore expressed by the 
equation: 


E 
P = + sin 6 (20-2) 
where 
P = mechanical power of the motor, per phase 


[W] 

E = line-to-neutral voltage induced by J, [V] 

E = line-to-neutral voltage of the source [V] 

X,= synchronous reactance per phase [{2] 

5 = torque angle between £yand £& [electrical 

degrees] 

This equation shows that the mechanical power 
increases with the torque angle, and its maximum 
value is reached when & is 90°. The poles of the 
rotor are then mid-way between the N and S poles 
of the stator. The peak power Pmax (per-phase) is 
given by: 


E,E 


Prax = (20-3) 
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As far as torque is concerned, it is directly propor- 
tional to the mechanical power because the rotor 
speed is fixed. It is derived from Eq. 3-5: 


(20-4) 





TI = torque, per phase [N-m] 
P = mechanical power, per phase [W] 
_ Ms = synchronous speed [r/min] 
9.55 = aconstant [exact value = 60/27] 


The maximum torque the motor can develop is 
called the pull-out torque, mentioned previously. 
It occurs when 6 = 90° (Fig. 20-10).* 





degrees 


Example 20-3: 


A 150 kW, 1200 r/min, 460 V, 3-phase synchro-. 


nous motor has a synchronous reactance of 0.8 Q, 
per phase. If the excitation voltage Eo is fixed at 
300 V, per phase, determine: 

a. the power versus 6 curve; 

b. the torque versus 6 curve; 

c. the pull out torque of the motor. 


* The remarks in this section apply to motors having 
smooth rotors. Most synchronous motors have salient 
poles; in this case the pull-out torque occurs at an 
angle of about 70°. Furthermore, the so-called reluc- 
tance torque created by the salient poles increases the 
indicated pull-out torque by about 8%. 


Solution: 
a.1 The line voltage, per phase, is: 
E = E,/1.73 = 460/1.73 Eq. 9-4 
= 266 V 
a.2 P = (EoE/X,) sin 5 Eq. 20-2 


(266 x 300/0.8) sin 6 

99 750 sin 6 [W] 

100 sind [kW] 

a.3 By selecting different values for 5, we can 
calculate the corresponding values of P: 


6 P 6 vs 
("] [kW] ["] [kW] 
0 0 120 86.6 
30 50 150 50 
60 86.6 180 0 
90 100 
Figure 20-10 


Power and torque per phase as a function of the 
torque angle &. Synchronous motor rated 
150 kW (200 hp), 1200 r/min, 3-phase, 60 Hz. 
See Example 20-3. 


These values are plotted in the curve of Fig. 


20-10. ‘ 
b.1 The torque curve can be found by applying 
Eq. 20-4: 
T = 9.55 P/n, = 9.55 P/1200 
= P/125 


c.1 The pull-out torque coincides with the maxi- 


mum power output: 
Tmax = Pmax/125 = 100 000/125 
= 800 N-m 

The actual pull-out torque is 3 times as great 
(2400 N-m) because this is a 3-phase ma- 
chine. Similarly, the power and torque values 
given in Fig. 20-10 must also be multiplied 
by 3. Consequently, this 150 kW motor can 


develop a maximum output of 300 kW, or 
400 hp. 


20-7 Mechanical and electrical angles 


As in the case of alternators, there is a precise rela- 
tionship between the mechanical angle a (Fig. 
20-6), the torque angle 6, and the number of poles 
p. It is given by: 

6 = pa/2 (20-4) 
Example 20-4: 
A 3-phase, 6000 kW, 4kV, 180 r/min, 60 Hz 
motor has a synchronous reactance of 1.2 02. At 
full load, the rotor poles are displaced by a me- 
chanical angle of 1° from their no-load position. If 
the line-to-neutral excitation Fg = 2.4 kV, calcu- 
late the mechanical power developed. 


Solution: 
a.1 6 = pa/2 = (40x 1)/2 = 20° 
a2 E E./1.73 = 4kV/1.73 
2.3 kV 
also, sin 20. = 0.342 
P = (EoE/X,) sin 6 

(2.4 x 2.3/1.2) x 0.342 
1.57 MW (per phase) 
a.3 Total power = 3x 1.5/7 

= 4.71 MW (© 6300 hp) 


Eq. 20-2 


20-8 Excitation and reactive power 


Consider a wye-connected synchronous motor 
connected to a 3-phase source whose line-to-neutral 
voltage EF is fixed (Fig. 20-11). Referring to phase 
A, line current J, produces an ac magnetomotive 
force U, in the stator. The rotor produces a dc 
magnetomotive force U,. However, as far as the 
stator is concerned, the dc mmf appears as an ac 
mmf because the rotor is constantly turning. Fur- 
thermore, U, has the same frequency as U; because 
the rotor turns at synchronous speed. The total 
flux ®, linking phase A, is therefore due to the 
combined action of Uz and U;. 
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Pursuing our reasoning, flux ®, induces a volt- 
age FE, in the stator (Fig. 20-11). If we neglect the 
very small JR drop, we have FE, = E. Because EF is 
fixed, it follows that ®, is also fixed, as in the case 
of a transformer (see Sec. 11-2). 





source 


rotation 


stator winding 


Figure 20-11 The flux linking phase A is constant as 
long as & is constant. The fluxes linking 
phases B and C are identical but they do not 
reach their peak values at the same time. 


The mmf needed to create the constant flux ®, 
may be produced either by the stator or the rotor, 
or by both. If the rotor exciting current /, is zero, 
all the flux has to be produced by the stator. The 
stator must then absorb considerable reactive pow- 
er from the 3-phase line (see Sec. 8-8). On the 
other hand, if we excite the rotor with a dc cur- 
rent J,, the rotor mmf helps produce part of the © 
flux @,. Consequently, less reactive power is drawn 
from the line. If we gradually raise the excitation, 
the rotor will eventually produce all the required 
flux by itself. The stator then draws no more reac- 
tive power, with the result that the power factor 
of the motor becomes unity (1.0). 


What happens if we excite the motor above this 
critical level? The stator, instead of absorbing reac- 
tive power, actually delivers reactive power to the 
3-phase line. The motor then behaves like a source 
of reactive power, as if it were a capacitor. Because 
of this important property, synchronous motors 
are sometimes used to correct the power factor of 
a plant at the same time as they deliver mechanical 
power. 
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Most synchronous motors operate at unity 
power factor. However if they also have to deliver 
reactive power, they are usually designed to oper- 
ate at a power factor of 0.8 (leading). A motor de- 
signed for a power factor of 0.8 can deliver reac- 
tive power equal to 75 percent of its rated me- 
chanical load. Thus, the 3000 kW motor shown in 
Fig. 20-4 can supply 75% x 3000 = 2250 kvar to 
the line at the same time as it develops its rated 
mechanical output. Motors designed to operate at 
leading power factors are bigger and more costly 
than unity power factor motors are. The reason is 
that the exciting current and the stator current are 
higher. 


kvar 
1000 motor output : 800 kW 
8007 motor : motor 
under-excited over-excited 
600 
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Figure 20-12 Reactive power as a function of dc ex- 
citing current for a 1000hp, (800 kW), 
60 Hz synchronous motor, running at full 
load. 


Figure 20-12 shows how the reactive power of a 
fully loaded 800 kW motor varies with the exciting 
current /,. When the current is adjusted to 100 A, 
the rotor produces all the flux. Consequently, the 
reactive power drawn from the ac line is zero and 
the motor only absorbs the 800 kW needed to 
drive the mechanical load. On the other hand, if 
we reduce /, to 70A, the motor has to absorb 
600 kvar from the line to produce the same flux as 
before. At the same time, it continues to draw 
800 kW from the line to produce the mechanical 
output. The apparent power S absorbed by the 


motor is therefore: 

S = VP?+Q? = V8002 + 600? 

= 1000 kVA 

Finally, if we increase the excitation to 200 A, 
the machine delivers 600 kvar while still absorbing 
800 kW. The apparent power is again 1000 kVA, 
at a leading power factor of 0.8. 

Thus, to sum up, a synchronous motor absorbs 
reactive power when it is under-excited and deliv- 
ers reactive power when it is over-excited. 


Eq. 8-4 


20-9. V-curves 


If we plot the apparent power of a synchronous 






full-load 
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Figure 20-13 No-load and full-load V-curves of a 1000 hp 
synchronous motor. 


motor as a function of the dc exciting current, we 
obtain a V-shaped curve. Thus, by redrawing Fig. 
20-12 to show apparent power instead of reactive 
power, we obtain the full-load V-curve shown in 
Fig. 20-13. The no-load V-curve is also shown, to 
illustrate the large reactive power that can be ab- 
sorbed or delivered by simply changing the excita- 
tion. 


Example 20-5: 
A 4000 hp (3000 kW), 6600 V, 60 Hz, 200 r/min 
synchronous motor operates at full load at a 


leading power factor of 0.8. If the synchronous re- 


actance is 11 {2, calculate: 

a. the apparent power of the motor, per phase; 

. the ac line current; 

. the value of Fy; 

. draw the phasor diagram to scale; 

. measure the length of phasor £9 and determine 
its value; 

determine the torque angle 6, using a protractor. 


oon & 


A 


Solution: — 


We shall immediately reduce the values to corre-. 


spond to one phase of a wye-connected motor. 
a. 1 The active power per phase is: 
P = 3000/3 = 1000 kW 
a.2 The apparent power per phase is: 
S = P/cos@ = 1000/0.8 
= 1250 kVA 
b. 1 The line-to-neutral voltage is: 
E = E,/1.73 = 6600/1.73 
= 3815 V | 
b.2 The line current ts: 
I = S/E = 1250 x 1000/3815 
= 328A 
c.1 The voltage across X, is: 
E,= IX, = 328x 11 
= 3608 V 
d.1 To draw the phasor diagram, we refer to the 
equivalent circuit (Fig. 20-7a) and start with 


Eq. 8-5 





Figure 20-7 a. 
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Figure 20-14 See Example 20-5. 


phasor F (3815 V), laying it out horizontally 
to an appropriate scale, say 1mm = 100 V 
(Fig. 20-14). 
d.2 The phase angle 0 between £ and J is given 
by: 
cos@ = 0.8 
6 = 36.9" 
Consequently, phasor J (328A) is drawn 
36.9° ahead of E. 
d.3 Phasor £,, (3608 V) is drawn so that it leads 
I by 90°. 
d.4 Phasor £9 is found from the fact that: 
Eo= E-E, (Fig. 20-7a) 
e.1 Upon scaling off the length of phasor E'o, we 
find it corresponds to a value of 6640 V. 
f. 1 Torque angle 6 is measured to be about 26°. 
The reader familiar with trigonometry can solve 
this problem without having to draw the phasors 
to scale. Nevertheless, the scaling method is often 
useful because it serves as a double check. 


20-10 Synchronous capacitor 


A synchronous capacitor is essentially a synchro- 
nous motor running at no-load. Its only purpose is 
to absorb or deliver reactive power on a 3-phase 
system, in order to stabilize the voltage (see Chap. 
29). The machine acts as an enormous 3-phase ca- 
pacitor (or inductor) whose reactive power can be 
varied by changing the dc excitation. 
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Most synchronous capacitors are rated between 
20 Mvar and 200 Mvar and many are hydrogen- 
cooled (Fig. 20-15). They are started up like syn- 
chronous motors. However, if the system cannot 
furnish the required starting power, we use a pony 
motor to bring them up to synchronous speed. For 
example, in one installation, a 160 Mvar synchro- 
nous capacitor is started up by means of a 1270 kW 
wound-rotor motor. 





Example 20-6: 

A synchronous capacitor is rated at 160 Mvar, 
16 kV, 1200 r/min, 60 Hz. It has a synchronous 
reactance of 0.8 p.u. and is connected to a 16 kV 
line. Calculate the value of E'9 so that the machine: 
a. absorbs 160 Mvar; 

b. delivers 120 Mvar. 


Figure 20-15 a. 


Three-phase, 16 kV, 60 Hz, 900 r/min synchro- 
nous capacitor rated - 200 Mvar (supplying re- 
active power) to + 300 Mvar (absorbing reactive 
power). It is used to regulate the voltage of a 
735 kV transmission line. Other characteristics: 
mass of rotor: 143 t; rotor diameter: 2670 mm; 
axial length of stator iron: 3200 mm; air gap 
length: 39.7 mm. 


Figure 20-15 b, 


Synchronous capacitor enclosed in its steel 
housing containing hydrogen under pressure 
(300 kPa, or about 44 Ib/in?). (Hydro-Québec) 


Solution: 
a.1 The nominal impedance of the machine is: 
22> £7 isn Eq. 19-3 
= 16 0007/(160 x 10°) 
= 162 
a2 X,;= 0.8x 1.6 
= 1,28 22 


a.3 The rated current is: 
I, = Sp/(1.73 Ey) 
160 x 10°/(1.73 x 16 000) 
= 5/80A 
a.4 The drop across the synchronous reactance 
IS: 


By,= IX, = 5780 x 1.28 
= 7400 V 
E,/1.73 = 16 000/1.73 
9250 V 
a.6 The current lags 90° behind E; consequently: 
Eo= E-E, = 9250 - 7400 
= 1850 V (see Fig. 20-16a) 


a5 EF 


II 


5780 A 





5780 A 


Figure 20-16 a. Under-excited synchronous capacitor 
absorbs reactive power (Example 20-6). 


b. 1. The load current at 120 Mvar is: 
i= O72 EG} 
= 120 x 10°/(1.73 x 16 000) 
4335 A 
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b. 2 Voltage drop across Xg is: 
Ey= IX, = 4335 x 1.28 
= 5550 V 
b.3 The current leads F by 90°; consequently: 
Eo= E+E, = 9250 + 5550 
= 14800 V (see Fig. 20-16b) 





4335 A 


Ex E60 
5550 V 9250V 14800V 


Figure 20-16 b. Over-excited synchronous’ capacitor 
delivers reactive power (Example 20-6). 


20-11 Stopping synchronous motors 


Owing to the inertia of the rotor and load, large 

synchronous motors may take several minutes to 

stop after they are disconnected from the line. To 

reduce the stopping time, we use the following 

braking methods: 

1. maintain full dc excitation with the armature in 
short-circuit; 

2. maintain full de excitation with the armature 
connected to 3 external resistors; 

3. apply mechanical braking. 

In methods (1) and (2), the motor slows down 
because it functions as an alternator, dissipating its 
energy in the resistive elements of the circuit. Me- 
chanical braking is usually applied after the motor 
has reached half speed or less, to prevent undue 
wear of the brake shoes. 
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Example 20-7: 

A 1500 kW, 4600 V, 600 r/min, 60 Hz synchro- 

nous motor possesses a synchronous reactance of 

16 Q and a stator resistance of 0.4 92, per phase. 

The excitation voltage E’5 is 2400 V and the mo- 

ment of inertia of the motor and its load is 

275 kg-m?. We wish to stop the motor by short- 

circuiting the armature while keeping the dc rotor 

current fixed. Calculate: 

a. the power dissipated in the armature at 
600 r/min; 

b. the power dissipated in the armature at 
150 r/min; 

c. the kinetic energy at 600 r/min; 

. the kinetic energy at 150 r/min; 

e. the time required for the speed to fall from 
600 r/min to 150 r/min. 


©. 


Solution: 
a.1 Referring to Fig. 20-17a, the impedance per 
phase is: 
Z = VR7 4X," Eq. 7-15 
= V0.4? + 16? 
= 162 
a.2 The current per phase is: 
I = Eo/Z = 2400/16 
= 150A 
a.3 The power dissipated in the 3 phases at 
600 r/min is: 
P = 3I°R =3x 1507x 0.4 
= 27 kW 


16 22 


2400 V 0.42 
600 r/min ; 


Figure 20-17 a. Motor turning at 600 r/min (Example 
20-7). 


b. 1 Because the exciting current is fixed, the in- 
duced voltage Ep is proportional to the 
speed. Consequently, at 150 r/min: 

Eo9= 2400 x (150/600) = 600 V 


b.2 The frequency is also proportional to the 
speed, so that: 
f = 60x (150/600) = 15 Hz 
b.3 The synchronous reactance is proportional 
to the frequency (Sec. 19-9); consequently, 
X;= 16x (150/600) = 42 
b.4 Referring to Fig. 20-17b, the new impedance 
per phase at 150 r/min is: 
Z = V0.47+4? = 40 


AQ 


600 V 
0.4 2 
150 r/min (2) i 


Figure 20-17 b. Motor turning at 150 r/min (Example 
20-7). 


b. 5 The current per phase is: 
I = Eo/Z = 600/4 = 150A 
b.6 The power dissipated in the 3 phases is the 
same as before: 
P= 27kW 


C. The kinetic energy at 600 r/min is: 
Ex, = 5.48x 103 Jn? 
= 5.48 x 10° x 275 x 6007 
= 542.5kJ 
d. The kinetic energy at 150 r/min is: 
Exo = 5.48 x 10° x 275 x 1507 
= 33.9kJ 


Eq. 3-8 


e.1 The loss in kinetic energy in going from 
600 r/min to 150 r/min is: 
W= Exy-FEro = 542.5 - 33.9 
508.6 kJ 
e.2 This energy is lost as heat in the armature re- 
sistance. The time is given by: 


P = W/t Eq. 3-4 
27 = 508.6/t 
Whence ¢ = 18.85 


—~ efficiency 
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Figure 20-18 Comparison between the efficiency and starting torque of a squirrel-cage induction motor and a synchro- 
nous motor, both rated at 4000 hp, 1800 r/min, 6.9 kV, 60 Hz. 


20-12 Uses of a synchronous motor - 
comparison with induction motor 


We have already seen that induction motors are 
excellent for speeds above 600 r/min. At lower 
speeds, they become heavy, costly, and have rela- 
tively low power factor and low efficiency. 

Synchronous motors are particularly attractive 
for low-speed drives because the power factor can 
always be adjusted to 1.0 and the efficiency is 
high. Although more complex to build, their 
weight and cost are often less than those of induc- 
tion motors of equal power and speed. This is par- 
ticularly true for speeds below 300 r/min. 

A synchronous motor can improve the power 
factor of a plant while carrying its rated load. Fur- 
thermore, its starting torque can be made consider- 
ably greater than that of an induction motor. The 
reason is that we can raise the resistance of the 
squirrel-cage winding without affecting the speed 
or efficiency at synchronous speed. Figure 20-18 
compares the properties of a squirrel-cage induction 
motor and a synchronous motor having the same 
nominal rating. The biggest difference is in the 
starting torque. 


High-power electronic converters generating 
very low frequencies enable us to run synchronous 
motors at ultra-low speeds. Thus, huge motors in 
the 10 MW range drive crushers, rotary kilns, and 
variable-speed ball mills. Electronic control of syn- 
chronous motors is covered in Chapter 24. 


QUESTIONS AND PROBLEMS 
Practical level 


20-1 Compare the construction of an alternator, a 
synchronous motor and a squirrel-cage in- 
duction motor. 

20-2 Explain how a synchronous motor starts up. 
When should the dc excitation be applied? 

20-3 Why does the speed of a synchronous motor 
remain constant even under variable load? 

20-4 Name some of the advantages of a synchro- 
nous motor compared to a squirrel-cage in- 
duction motor. 

20-5 What is meant by a synchronous capacitor 
and what is it used for? 
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20-7 


20-8 


20-9 
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a. What is meant by an “‘under-excited”’ syn- 
chronous motor? 

b. If we over-excite a synchronous motor, 
does its mechanical power output in- 
crease? 

A synchronous motor draws 2000 kVA at a 

power factor of 90% leading. Calculate the 

approximate power developed by the motor 

[hp]. 

A synchronous motor driving a pump oper- 

ates at a power factor of 100%. What hap- 

pens if the dc excitation is increased? 

A 3-phase, 225 r/min synchronous motor 

connected to a 4 kV, 60 Hz line draws a cur- 

rent of 320 A and absorbs 2000 kW. Calcu- 
late: 

a. the apparent power supplied to the motor; 

b. the power factor; 

c. the reactive power absorbed; 

d. the number of poles on the rotor. 


20-10 A synchronous motor draws 150 A froma 


3-phase line. If the exciting current is raised, 
the current drops to 140 A. Was the motor 
over- or under-excited before the excitation 
was changed? 


Intermediate level 


20-11 a. Calculate the approximate full-load cur- 


rent of the 3000 hp motor in Fig. 20-1, 
if it has an efficiency of 97% 
b. What is the value of the field resistance? 


20-12 Referring to Fig. 20-2, at what speed must 


the rotor turn to generate the indicated fre- 
quencies? 


20-13 A 3-phase synchronous motor rated 800 hp, 


2.4 kV, 60 Hz operates at unity power fac- 

tor. The line voltage suddenly drops to 

1.8 kV, but the exciting current remains un- 

changed. Explain how the following quanti- 

ties are affected: 

a. motor speed and mechanical power out- 
put; 

b. torque angle 6; 

c. position of the rotor poles; 


d. power factor; 
e. stator current. 


20-14 A synchronous motor has the following pa- 


rameters, per phase (ref. Fig. 20-7a): 

E=24kV; E9=3 kV; X,= 2 Q; [= 900 A. 

Draw the phasor diagram to scale and deter- 

mine: 

a. torque angle 6; 

b. active power, per phase; 

c. power factor of the motor; 

d. reactive power absorbed (or delivered), 
per phase. 


20-15 a. In Problem 20-14, calculate the line cur- 


rent and the new torque angle 6 if the 
mechanical load is suddenly removed. 

b. Calculate the new reactive power ab- 
sorbed (or delivered) by the motor, per 
phase. 


20-16 A 500 hp synchronous motor drives a com- 


pressor and its excitation is adjusted so that 
the power factor is unity. If the excitation 
is increased without making any other 
change, what is the effect upon: 

a. the active power absorbed by the motor? 
b. the line current? 

c. the reactive power absorbed (or deliv- 

ered) by the motor? 
d. the torque angle? 


Advanced level 


20-17 The 4000 hp, 6.9 kV motor shown in Fig. 


20-4 possesses a synchronous reactance of 

10 (2, per phase. The stator is connected in 

wye, and the motor operates at full load 

(4000 hp) with a leading power factor of 

0.89. If the efficiency is 97%, calculate: 

a. the apparent power; 

b. the line current; 

c. the value of Eo, per phase; 

d. the mechanical displacement of the poles 
from their no-load position; 

e. the total reactive power supplied to the 
electrical system; 

f. the approximate maximum power the 


motor can develop, without pulling out 
of step [hp]. 
20-18 In Problem 20-17, we wish to adjust the 
power factor to unity. Calculate: 
a. the exciting voltage Fo required, per 
phase; 
b. the new torque angle. 
20-19 A 3-phase, unity power factor synchronous 
motor rated 400hp, 2300 V, 450r/min, 
80 A, 60 Hz drives a compressor. The stator 
has a synchronous reactance of 0.88 p.u., 
and the excitation Eg is adjusted to 1.2 p.u. 
Calculate: 
a. the value of X, and of Fo, per phase; 
b. the pull-out torque [ft-lb] ; 
c. the line current when the motor is about 
to pull out of synchronism. 
20-20 The synchronous capacitor in Fig. 20-15 
possesses a synchronous reactance of 0.6 &2, 
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per phase. The resistance per phase is 

0.007 (2. If the machine coasts to a stop, it 

will run for about 3h. In order to shorten 

the stopping time, the stator is connected to 
three large 0.6 {2 braking resistors connected 
in wye. The de excitation is fixed at 250A 
so that the initial line voltage across the re- 
sistors is one tenth of its rated value, or 

1600 V, at 900 r/min. Calculate: 

a. the total braking power and _ braking 
torque at 900 r/min; 

b. the braking power and braking torque at 
450 r/min; 

c. the average braking torque between 
900 r/min and 450 r/min; 

d. the time for the speed to fall from 
900 r/min to 450 r/min, knowing that the 
moment of inertia of the rotor is 1.7 x 
10° Ib-ft”. 





2| 


SINGLE-PHASE 
MOTORS 


Single-phase motors are the most familiar of all 
electric motors because they are used in home ap- 
pliances and portable machine tools. In general, 
they are employed when 3-phase power is not 
available. 

There are many kinds of single-phase motors on 
the market, each designed to meet a specific appli- 
cation. However, we shall limit our study to a few 
basic types, with particular emphasis on the widely 
used split-phase induction motor. 


21-1 Construction of a single-phase 
induction motor 


Single-phase induction motors are very similar to 
3-phase induction motors. They are composed of a 
squirrel-cage rotor (identical to that in a 3-phase 
motor) and a stator (Fig. 21-1). The stator carries 
a so-called main winding which creates a set of N-S 
poles. It also carries a smaller auxiliary winding 
that only operates during the brief period when 
the motor starts up. The auxiliary winding has the 
same number of poles as the main winding has. 
Figure 21-2 shows the progressive steps in wind- 


ing a 4-pole, 36-slot stator. Starting with the bare 
stator, the main winding is first laid in the slots 
(Fig. 21-2b). The auxiliary winding is then inserted 
so that is straddles the main winding (Fig. 21-2c). 
Each pole of the main winding consists of a 





Figure 21-1 Cutaway view of a 5 hp, 1725 r/min, 60 Hz 
single-phase capacitor-start motor. (Gould) 
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Figure 21-2 a. Bare, laminated stator of a 1/4 hp (187 W), single-phase motor. The 36 slots are insulated with a paper 
liner. The squirrel-cage rotor is identical to that of a 3-phase motor. 





Figure 21-2 b. Four poles of the main winding are in- 
: serted in the slots. 


Figure 21-2 c. 


Four poles of the auxiliary winding 
straddle the main winding. (Lab-Vo/t) 
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group of concentric coils, connected in series (Fig. 
21-3a). Adjacent poles are connected to produce 
alternate N, S polarities. The empty slot in the 
center of each pole, and the partially filled slots on 
either side of it, are used to lodge the auxiliary 
winding. The latter has 2 concentric coils per pole 


(Fig. 21-3b). 


Figure 21-4 shows a 2-pole stator; the large 
main winding and the smaller auxiliary winding are 
displaced at right angles to each other. The reason 


for this arrangement will be explained shortly. 


one pole pitch 
(180°) 10 20 25 30 turns No. 16 wire 





one pole 
of the 


auxiliary 25 25 turns No. 
winding 22 wire 


one pole pitch 


[+80 >} 








I 
center of center of 
main auxiliary 
winding winding 


(b) 


Figure 21-3 a. Main winding of a 4-pole motor, showing 


the number of turns per coil. 


b. Position of the auxiliary winding with re- 


spect to the main winding. 








Figure 21-4 Main and auxiliary windings in a 2-pole 
single-phase motor. The stationary contact 
in series with the auxiliary winding opens 
when the centrifugal switch, mounted on 
the shaft, reaches 75 percent of synchro- 
nous speed. 


21-2 Synchronous speed 


As in the case of 3-phase motors, the synchronous 
speed of all single-phase induction motors is given 
by Eq. 17-1: 





Eq. 17-1 
where 
Ng = synchronous speed [r/min] 
f = frequency of the source [Hz] 
DPD = number of poles 


The rotor always turns at slightly less than syn- 
chronous speed, and the full-load slip is typically 
3% to 5% for fractional horsepower motors. 


Example 21-1: 

Calculate the speed of the single-phase motor 
shown in Fig. 21-1, if the slip is 3.4%. The line fre- 
quency is 60 Hz. 


Solution: 
a. 1 The motor has 4 poles; consequently, 
n,= 120f/p = (120 x 60)/4 
= 1800 r/min 
a.2 The full-load speed is given by: 
s = (n,-n)/n, 
0.034 (1800 - )/1800 
n 1739 r/min 


21-3 Torque-speed characteristic 


Figure 21-5 is a schematic diagram of the rotor and 
main winding of a 2-pole single-phase induction 
motor. When an ac voltage is applied to the stator, 
the resulting current /, produces an ac flux ®,. The 
flux alternates back and forth but, unlike the flux 
in a 3-phase stator, no revolving field is produced. 
The flux induces an ac voltage in the stationary 
rotor which, in turn, creates large ac rotor currents. 
In effect, the rotor behaves like the short-circuited 
secondary of a transformer; consequently, the 


Eq. 17-2 
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motor has no tendency to start by itself. 

However, if we spin the rotor in one direction 
or the other, it continues to rotate in the direction 
of spin. As a matter of fact, the rotor quickly ac- 
celerates until it reaches a speed slightly below 
synchronous speed. The acceleration indicates that 
the motor develops a positive torque as soon as it 
begins to turn. Figure 21-6 shows the typical 
torque-speed curve when the main winding is ex- 
cited. Although the starting torque is zero, the 
motor develops a powerful torque as it approaches 
synchronous speed. 


21-4 Principle of operation 


The principle of operation of a single-phase induc- 
tion motor is quite complex, and may be explained 
as follows by the so-called cross-field theory. * 


* The double revolving field theory (not discussed here) 
is also used to explain the behavior of the single-phase 
motor. 


rotor current 





120 V, 60 Hz 
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Figure 21-5 Currents in the rotor bars when the retor is locked. 
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Figure 21-6 Typical torque-speed curve of a single-phase motor. 
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As soon as the rotor begins to turn, a revolving 
field is set up. This field is produced by the com- 
bined action of the stator and rotor magnetomo- 
tive forces. Referring to Fig. 21-7, a “speed emf” 
FE is induced in the rotor conductors, as they cut 
the stator flux ®,. This voltage increases as the 
rotor speed increases. It causes currents /, to flow 
in the rotor bars facing the stator poles. These cur- 
rents produce an ac flux ®, which acts at right 
angles to the stator flux ®,, Equally important is 
the fact that ®, does not reach its maximum value 
at the same time as ®, does. In effect, ®, lags al- 
most 90° behind ®,, owing to the inductance of 
the rotor. 


i a current [ 
A@A r 








a ac SOUrce —- 





Figure 21-7 Currents induced in the rotor bars due to 
rotation. 


The combined action of ®, and ®, produces a 
revolving magnetic field, similar to that in a 3- 
phase motor. The value of ®, increases with in- 
creasing speed, becoming almost equal to ®, at 
synchronous speed. This explains, in part, why the 
torque increases as the motor speeds up. 

We can understand how the revolving field is 
produced by referring to Fig. 21-8. It gives a snap- 
shot of the currents and fluxes created respectively 
by the rotor and stator, at successive intervals of 
time. We assume that J; lags 90° behind J,; conse- 
quently, ®, is zero when ®, is maximum, and vice 
versa. We also assume that the motor is running far 
below synchronous speed, and so ®, is much 
smaller than ®.. By following the successive pic- 
tures in Fig. 21-8, it is obvious that the combina- 
tion of ®, and ®, produces an elliptical, revolving 


field. It rotates counterclockwise in the same di- 
rection as the rotor. The field rotates at synchro- 
nous speed, irrespective of the actual speed of the 
rotor. As the motor approaches synchronous speed, 
®, becomes almost equal to ®,, and a nearly per- 
fect revolving field is produced. 


21-5 Locked-rotor torque 


To produce a starting torque in a single-phase 
motor, we must somehow create a revolving field. 
This is done by adding an auxiliary winding, as 
shown in Fig. 21-9. When the main and auxiliary 
windings are connected to an ac source, the main 
winding produces a flux ®., while the auxiliary 
winding produces a flux ®,. If the fluxes are out 
of phase, so that ®, either lags or leads ®,, a ro- 
tating field is set up. 

The reader will immediately see that the auxil- 
lary winding produces a strong flux ®, during the 
starting period when the rotor flux ®, is weak. As 
a result, ®, “strengthens” ®,, thereby producing a 
powerful torque both at standstill and at low 
speeds. The locked-rotor torque is given by: 


where 
T = locked-rotor torque [N-m] 
I, = locked-rotor current in the auxiliary 
winding [A] 
I, = locked-rotor current in the main winding 
[A] 


a = phase angle between J, and J, [°] 
k = a constant, depending on the design of 
the motor 


To obtain the desired phase shift between /, and 
TI, (and hence between ®, and ®,), we add an im- 
pedance Z in series with the auxiliary winding. The 
impedance may be resistive, inductive, or capaci- 
tive, depending upon the desired starting torque. 
The choice of impedance gives rise to various types 
of so-called sp/it-phase motors. 


SINGLE-PHASE MOTORS 397 





1=T/4 
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Figure 21-8 


(b) ‘ ; 
Instantaneous currents and flux in a single-phase motor 


with the main winding excited. The duration of 1 cycle is 

T seconds, and conditions are shown at successive quarter- 

cycle intervals. 

a. Stator current J, is maximum, rotor current /, is zero. 

b. Stator current is zero, rotor current is maximum; how- 
ever, ®, is smaller than ®g. 

c. Stator current is maximum, but negative. 

d. Rotor current is maximum, but negative. 

e. After one complete cycle (¢ = 7), the conditions re- 

(c) peat. 

f. Resulting flux ® in the air gap rotates ccw at synchro- 
nous speed. Its amplitude varies from a maximum of 
®, to a minimum ®,. 


[= 7/4 








(d) main winding 


i= t= 37/4 





(e) ac source 


Figure 21-9 Currents and fluxes at standstill when the 
main and auxiliary windings are energized. | 
An elliptical revolving field is produced. 
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A special switch is also connected in series with 
the auxiliary winding. It disconnects the winding 
when the motor reaches about 75% of synchronous 
speed. Speed-sensitive centrifugal switches, 
mounted on the shaft, are often used for this pur- 
pose (Fig. 21-10). | 

(a) (b) 





centrifugal 
di: switch 








auxiliary winding 
70 turns per pole 
No. 22 wire 





main winding 
120 turns per pole 
No. 16 wire 





resistance is low. As a result, the starting current 
I, lags considerably behind the applied voltage & 
(Fig. 21-11). 

In a resistance split-phase motor (often simply 
called split-phase motor), the auxiliary winding has 
a relatively small number of turns of fine wire. Its 


Figure 21-10 Centrifugal switch 

a. In the closed, or stopped position. The sta- 
tionary contact is closed. 

b. In the open, or running position. Owing to 
centrifugal force, the rectangular weights 
have swung out against the restraining ten- 
sion of the springs. This has caused the plas- 
tic collar to move to the left along the shaft, 
thus opening the stationary contact. 





(b) 


Figure 21-11 a. Resistance split-phase motor (1/4 hp, 115 V, 1725 r/min, 60 Hz) at standstill. 


b. Corresponding phasor diagram. 


21-6 Resistance split-phase motor 


The main winding of a single-phase motor is always 
made of relatively large wire, to reduce the /7R 
losses. The winding also has a relatively large num- 
ber of turns. Consequently, under locked rotor 
conditions, the inductive reactance is high and the 


resistance is higher and its reactance lower than 
that of the main winding, with the result that 
locked rotor current J, is more nearly in phase 
with &. The resulting phase angle a between J, and 
I; produces the starting torque. 

The line current J, is equal to the phasor sum 
of /, and J,. It is usually 6 to 7 times the nominal 


current of the motor. 

Owing to the small wire used on the auxiliary 
winding, the current density is high and the wind- 
ing heats up very quickly. If the starting period 
lasts for more than 5 seconds, the winding begins 
to smoke and may burn out, unless the motor is 
protected by a built-in-thermal relay. This type of 
split-phase motor is well suited for infrequent 
starting of low-inertia loads. 


Example 21-2: 
A resistance split-phase motor is rated at 1/4 hp 
(187 W), 1725 r/min, 115 V, 60Hz. When the 
rotor is locked, a test at reduced voltage on the 
main and auxiliary windings yields the following 
results. 

main winding auxiliary winding 


applied voltage 23 V 23 V 
current _ 4A 1.5 
active power 60 W 30 W 
Calculate: 


a. the phase angle between /, and J,; 
b. the locked-rotor current drawn from the line at 
115 V. 


Solution: 


We first calculate the phase angle between /, and 
E of the main winding. 
a.1 The apparent power is: | 

S = EI = 23x4 = 92VA 
a. 2 The power factor Is: 

cos ¢,= P/S = 60/92 = 0.65 

. bs = 49.2° 

I, lags 49.2° behind the voltage. 


We now calculate the phase angle between /, 
and F of the auxiliary winding. 


a.3 The apparent power is: 
S = ET = 23x1.5 = 34.5 VA 
a.4 The power factor is: 
cos ¢,= P/S = 30/34.5 = 0.87 
. dg= 29.6° 
I, lags 29.6° behind the voltage. 
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a.5 The phase angle between J, and J, is: 
a = $,- $3 = 49.2 - 29.6 
19.6° 
b. To determine the total line current, we first 
calculate the total value of P and Q drawn 
by both windings, and then deduce the total 
apparent power S. 


b. 1 P = P,t+Ps 
=60+30 = 90W 
b.2 Q= Q;+Qa 
= V99? - 607 +-V34.5? - 30? 
= 86.8 var 
b.3 S = V907+86.8" = 125 VA 
b. 4 I, = S/E = 125/23 = 5.44 A (at 23 V) 
b.5 The current drawn at 115 V is: 


T= 5.44x (115/23) = 27.2A 

Owing to their low cost, split-phase induction 
motors are the most popular single-phase motors 
on the market. They are used where a moderate 
starting torque is required and where the starting 
periods are infrequent. They drive fans, pumps, 
washing machines, oil burners, small machine tools, 
and other devices too numerous to mention. The 
power rating usually lies between 60 W and 250 W 
(1/12 hp to 1/3 hp). 


21-7 Capacitor-start motor 


The capacitor-start motor is identical to a split- 
phase motor, except that the auxiliary winding has 
about as many turns as the main winding has. Fur- 
thermore, a capacitor is connected in series with 
the auxiliary winding (Fig. 21-12). 

The capacitor is chosen so that /, leads J, by 
about 80°, which is considerably more than the 
25° found in a split-phase motor. Consequently, 
for equal starting torques, the current in the auxil- 
iary winding is only about half that in a split-phase 


motor. It follows that the auxiliary winding of a 


capacitor motor heats up less quickly and the 
locked-rotor line current J, is also smaller. The 
current is typically 4 to 5 times the nominal full- 
load current. 


Owing to the high starting torque and the rela- 
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centrifugal 
i switch _ electrolytic capacitor 









auxiliary winding 
100 turns per pole 
No. 22 wire 





main winding 
120 turns per pole 
No. 16 wire 


Figure 21-12 a. Capacitor-start motor. 


tively low value of /,, the capacitor-start motor is 
well suited to applications involving either frequent 
or prolonged starting periods. Although the starting 
characteristics of this motor are better than those 
of a split-phase motor, both machines possess the 
same load characteristics because the main wind- 
ings are identical. 

The wide use of capacitor-start motors is a di- 
rect result of the availability of small, reliable, low- 
cost electrolytic capacitors. Prior to the develop- 
ment of these capacitors, repulsion-induction 
motors had to be installed whenever a high starting 
torque was required. Repulsion-induction motors 
possess a special commutator and brushes, that re- 
quire considerable maintenance. Most motor man- 
ufacturer have stopped making them. 

Capacitor-start motors are used when a high 
starting torque is required. They are built in sizes 
ranging from 120 W to 7.5 kW (© 1/6 hp to 10 hp). 
Typical loads are compressors, large fans, pumps, 
and high-inertia loads. 


21-8 Characteristics of single-phase 
induction motors 


The efficiency and power factor of fractional 
horsepower single-phase motors are usually low. 
Thus, at full load, a 186 W motor (1/4 hp) has an 





(b) 


b. Corresponding phasor diagram. 


efficiency and power factor of about 60%. The 
low power factor is mainly due to the large mag- 
netizing current, which ranges between 70% and 
90% of full-load current. Consequently, even at 
no-load, these motors reach temperatures close to 
full-load temperature. 

Table 21A gives the properties of a capacitor- 
start motor having a rating of 250 W (1/3 hp), 
1760 r/min, 115 V, 60 Hz. Figure 21-13 also shows 
the torque-speed curve for the same machine. Note 
that during the acceleration phase (0 to 
1370 r/min), the main and auxiliary windings to- 
gether produce a very high starting torque. When 
the rotor reaches 1370r/min, the centrifugal 
switch snaps open, causing the motor to operate 
along the torque-speed curve of the main winding. 
The torque suddenly drops from 9.5N-m_ to 
2.8 N-m, but the motor continues to accelerate 
until it reaches 1760 r/min, the rated full-load 
speed. 


21-9 Vibration of single-phase motors 


If we touch the stator of a single-phase motor, we 
note that it vibrates rapidly, whether it operates at 
full-load or no-load. These vibrations do not exist 
in 2-phase or 3-phase motors and, consequently, 
single-phase motors are more noisy. 
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Figure 21-13 Torque-speed curves of a capacitor-start motor, rated 1/3 hp (250 W), 1760 r/min, 115 V, 60 Hz, class A 
insulation. 





TABLE 21A 





CHARACTERISTICS OF A CAPACITOR-START MOTOR 
RATING: 250 W, 1760 r/min, 115 V, 60 Hz, INSULATION CLASS 105°C 





full load no load 

voltage oo 115 ¥ voltage - 115 V 
power — 250 W current - _40A 
current — 5.3 A losses — 105 W 
Pi. — 64 % locked rotor 
efficiency — 63.9 % voltage — 115 V 
speed — 1760 r/min current J, — 23 A 
torque — 1.35 N-m eh I — 19 A 

break down current, — 29 A 
torque — 3.4 N-m torque — 6 N-m 
speed — 1600 r/min capacitor — 320 UF 


current _ 113A 
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What causes this vibration? It is due to the fact 
that a single-phase motor always receives pu/sating 
electric power whereas it delivers constant me- 
chanical power. Consider the 250 W motor having 
the properties given in Table 21A. The full-load 
current is 5.3A and it lags 50° behind the line 
voltage. If we draw the waveshapes of voltage and 
current, we can easily plot the instantaneous pow- 
er supplied to the motor (Fig. 21-14). We find that 
is oscillates between + 1000 W and - 218 W. When 
the power is positive, the motor receives energy 
from the line. Conversely, when it is negative, the 
motor returns energy to the line. However, wheth- 
er the instantaneous electric power is positive, neg- 
active, or zero, the mechanical power delivered is 
always 250 W. 

Obviously, the motor will slow down during the 
brief periods when the electric power it receives is 
less than 250 W. On the other hand, it will acceler- 
ate whenever the electric power exceeds the me- 
chanical output plus the losses. The acceleration 
intervals coincide with the positive peaks of the 





power curve. Similarly, the deceleration intervals 
coincide with the negative peaks. Consequently, 
the acceleration/deceleration intervals occur twice 
per cycle, or 120 times per second, on a 60 Hz sys- 
tem. As a result, both the stator and rotor vibrate 
at twice the line frequency. 

The stator vibrations are transmitted to the 
baseplate which, in turn, generates additional vi- 
bration and noise. To eliminate the problem, the 
motor is cradled in a resilient mounting (Fig. 
21-15). It consists of two soft rubber rings placed 
between each end bell and a supporting metal 
bracket. Because the rotor also vibrates, we some- 
times place a rubber isolator between the shaft and 
the mechanical load. 

Two-phase and 3-phase motors do not vibrate 
because the total instantaneous power they receive 
from a// the phases is constant (see Sec. 9-3). 


21-10 Capacitor-run motor 


The capacitor-run motor is essentially a 2-phase 


mechanical 
power 


250 W 


Figure 21-14 The instantaneous power absorbed by a single-phase motor varies between + 1000 W and - 218 W. The 
power output is constant at 250 W; consequently, vibrations are produced. 


Figure 21-15 


Capacitor-start motor supported in a resilient 
mount. (Brook Crompton Parkinson) 


paper 
Capacitor 







520 turns per pole 
No. 26 wire 


300 turns per pole 
No. 24 wire 


(a) 
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E, = 208 V 





®, 
(b) 


Figure 21-16 a. Capacitor-run motor having a NEMA rating of 30 millihorsepower. 
b. Corresponding phasor diagram at full load. 


motor that receives its power from a single-phase 
source. It has two windings, one of which is direct- 
ly connected to the source. The other winding is 
also connected to the source, but in series with a 
paper capacitor (Fig. 21-16). The capacitor-fed 
winding has a large number of turns of relatively 
small wire, compared to the directly connected 
winding. 

This particularly quiet motor is used to drive 
fixed loads in hospitals, studios, and other places 


where silence is important. It has a high power fac- 
tor and efficiency, and no centrifugal switch is re- 
quired. However, the starting torque is low. 

The motor acts as a true 2-phase motor only 
when it operates at full load. Under these condi- 
tions, fluxes ®, and ®, created by the two wind- 
ings are equal and out of phase by 90°. The motor 
is then vibration-free. Capacitor-run motors are 
usually rated below 500 W. 
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21-11 Shaded-pole motor 


The shaded-pole motor is very popular for ratings 
below 0.05 hp (© 40 W) because of its extremely 
simple construction (Fig. 21-17). It is basically a 
small squirrel-cage motor in which the auxiliary 
winding is composed of a copper ring surrounding 
a portion of each pole. 

The main winding is a simple coil connected to 
the ac source. The coil produces a total flux ® that 
may be considered to be made up of three compo- 
nents ®,, By and ®3, all in phase. Flux ®, links the 
short-circuited ring on the left-hand pole, inducing 
a rather large current. This current produces a flux 
®, that lags behind ®,. Consequently, Pg also lags 
behind ®, and ®3. The combined action of (®, + 
®3) and ®, produces a weak revolving field, which 
starts the motor. The direction of rotation is from 
the “‘unshaded” to the ‘‘shaded”’ (ring side) of the 
pole. A similar torque is set up by the pole on the 
right. Flux ®, induces a current in the ring, and 
the resulting flux ®, lags behind ®,. As before, the 
combined action of (®; + ®3) and ®, produces a 
weak revolving field. 

Although the starting torque, efficiency, and 
power factor are very low, the simple construction 
and absence of a centrifugal switch give this motor 
a marked advantage in low-power applications. 
The direction of rotation cannot be changed, be- 
cause it is fixed by the position of the copper rings. 
Table 21B gives the typical properties of a shaded- 
pole motor having a rated output of 6 W. 


Example 21-2: 

Calculate the full-load efficiency and slip of the 
shaded-pole motor whose properties are listed in 
Table 21B. 


Solution: 

a. n = (Po/P;) x 100 = (6/21) x 100 Eq. 3-6 
= 28.6% 

b. The slip is: 
Ss = (ng-n)/n, = (3600 - 2900)/3600 


= 0.194 = 19.4% 
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Figure 21-17 a. Fluxes in a shaded-pole motor. 





Figure 21-17 b. Shaded-pole motor rated at 5 milli- 
horsepower, 115 V, 60 Hz, 2900 r/min. 
(Gould) 


TABLE 21B 


Properties of a shaded-pole motor, 
rated 6 W, 115 V, 60 Hz. 


No load 

current Q0.26A 
input power 15 W 
speed 3550 r/min 
Locked rotor 

current 0.35A 
input power 24 W 
torque 10 mN-m 
Full load 

current 0.33 A 
input power 21 W 
speed 2900 r/min 
torque 19 mN-m 
mechanical power 6 W 
breakdown speed — 2600 r/min 
breakdown torque 21 mN-m 


21-12 Series motor 


The single-phase series motor is very similar to a dc 
series motor (Sec. 15-8). The basic construction of 
a small ac series motor is shown in Fig. 21-18. The 
entire magnetic circuit is laminated to reduce eddy 
current losses. Such a motor can operate on either 
ac or dc, and the resulting-torque-speed curve is 


laminated 
ac flux stator 





ac source 


Figure 21-18 Alternating current series motor. 
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about the same, in each case. This is why it is 
sometimes called a universal motor. 

When the motor is connected to an ac source, 
the ac current flows through the armature and the 
series field. The field produces an ac flux ® that 
reacts with the current flowing in the armature to 
produce a torque. Because the armature current 
and the flux reverse simultaneously, the torque al- 
ways acts in the same direction. No revolving field 
is produced in this type of machine; the principle 
of operation is the same as that of a dc series 
motor and it possesses the same basic characteris- 
tics. 

The main advantage of fractional horsepower 
series motors is their high speed (and _ corre- 
sponding small size) and high starting torque. They 
can therefore be used to drive high-speed vacuum 
cleaners and small portable tools, such as electric 
saws and drills. No-load speeds as high as 5000 to 
15 000 r/min are possible, but, as in any series 
motor, the speed drops rapidly with increasing 
load. 

Series motor are built in many different sizes, 
starting from small toy motors to very large trac- 
tion motors used in some electric locomotives. 


21-13 Hysteresis motor 
To understand the operating principle of a hystere- 


sis motor, let us first consider Fig. 21-19. It shows 
a stationary rotor surrounded by a pair of N, S 


rotation 


stationary rotor 





rotation 


Figure 21-19 Permanent magnet rotor and a mechanical 
revolving field. 
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poles that can be rotated mechanically in a clock- 
wise direction. The rotor is composed of a ceramic 
permanent magnet material whose resistivity ap- 
proaches that of an insulator (Sec. 6-20). Conse- 
quently, it is impossible to set up eddy currents in 
such a rotor. 

As the mechanical field rotates, it magnetizes 
the rotor; consequently, poles of opposite polarity 
are continuously being produced under the moving 
N, S poles. In effect, the revolving field is continu- 
ously reorienting the magnetic domains in the 
rotor. Clearly, the domains go through a complete 
cycle (or hysteresis loop) each time the field makes 
one complete revolution. Hysteresis losses are 
therefore produced inthe rotor, proportional to the 
area of the hysteresis loop (Sec. 6-6). These losses 
are dissipated as heat in the rotor. 


Let us assume that the hysteresis loss per revo- 


lution is £}, joules and the field rotates at 2 r/min. 
The energy dissipated in the rotor per minute is: 


W = ney, 
The corresponding power (dissipated as heat) is: 
Pr= W/t Eq. 3-4 
= nk,/60 [W] 


However, the power dissipated in the rotor can 
only come from the mechanical power used to 
drive the poles. This power is given by: 


P = nT/9.55 Eq. 3-5 
Because P = Py, we have: 
nT/9.55 = nE,/60 
whence T = E,/6.28 (21-2) 
where 


T = torque exerted on the rotor [N-m] 
Ey, hysteretic energy dissipated in the rotor, 
per turn [J/r] 
6.28 = constant [exact value = 27] 


The torque needed to drive the magnets is there- 
fore constant, irrespective of the speed of rotation. 
In other words, whether the poles just barely creep 
around the rotor or whether they move at high 
speed, the torque exerted on the rotor is always 


the same. It is this basic property that distinguishes 
hysteresis motors from all other motors. 

In practice, the revolving field is produced by a 
3-phase stator, or by a single-phase stator having 
an auxiliary winding. When a hysteretic rotor is 
placed inside such a stator, it immediately acceler- 
ates up to synchronous speed. The accelerating 
torque is essentially constant as shown by Fig. 
21-20. This is quite different from a squirrel-cage 
induction motor, whose torque falls toward zero 
as it approaches synchronous speed. 


hysteresis 
motor 


torque 


induction 
motor 





0 20 40 60 80 100 % 
——> speed 


Figure 21-20 Typical torque-speed curves of two capac- 
itor-run motors: 
a. hysteresis motor; b. induction motor. 


Thanks to the fixed frequency of large distribu- 
tion systems, the hysteresis motor is employed in 
electric clocks, and other precise timing devices 
(Fig. 21-21). It is also used to drive tape-decks, 
turn-tables and other precision audio equipment. 
In such devices, the constant speed is, of course, 
the feature we are looking for. However, the hys- 
teresis motor is particularly well suited to drive 
such devices because of their high inertia. Inertia 
prevents many synchronous motors (such as reluc- 
tance motors) from coming up to speed because to 
reach synchronism, they have to suddenly lock 
with the revolving field. No such abrupt transition 
occurs in the hysteresis motor because it develops 
a powerful torque right up to synchronous speed. 


In audio equipment, these salient features are fur- 
ther enhanced by designing the motor to function 


as a vibration-free capacitor-run motor (Sec. 
21-10). 





Figure 21-21 Single-phase hysteresis clock motor having 
32 poles and a ferrite rotor. 


Example 21-3: 

A small 60 Hz hysteresis clock motor possesses 32 

poles. In making one complete turn with respect 

to the revolving field, the hysteresis loss in the 

rotor amounts to 0.8 J. Calculate: 

a. the pull-in and pull-out torques, 

b. the maximum power output before the motor 
Stalls, 

c. the rotor losses when the motor is stalled, 

d. the rotor losses when the motor runs at syn- 
chronous speed. 


Solution: 
a. The pull-in and pull-out torques are about 
equal in a hysteresis motor: 
T = E,/6.28 = 0.8/6.28 
= 0.127 N-m 
b. 1 The synchronous speed is: 
n, = 120f/p = 120 x 60/32 
= 225 r/min 
b.2 The maximum power is: 
P = nT/9.55 = (225 x 0.127)/9.55 
= 3W (or 3/746 = 1/250 hp) 
c.1 When the motor stalls, the rotating field 


Eq. 21-2 
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moves at 225r/min with respect to the 
rotor. The energy loss per minute is there- 
fore: 
W= 225x0.8 = 180J 
c.2 The power dissipated in the rotor Is: 
P = W/t = 180/60 = 3W 
d. There is no energy loss in the rotor when the 
motor runs at synchronous speed because 
the magnetic domains no longer reverse. 


21-14 Synchronous reluctance motor 


We can build a synchronous motor by milling out 
a standard squirrel-cage rotor so as to create a 
number of salient poles. The number of poles must 
be equal to the number of poles on the stator. Fig- 
ure 21-22 shows a rotor milled out to create four 
salient poles. 

Such a re/uctance motor starts up as a standard 
squirrel cage motor but, when it approaches syn- 
chronous speed, the salient poles lock with the re- 
volving field, and so the motor runs at synchro- 
nous speed. Both the pull-in and pull-out torques 
are weak, compared to those of a hysteresis motor 
of equal size. Furthermore, reluctance motors can- 
not accelerate high-inertia loads to synchronous 
speed. The reason can be seen by referring to Fig. 
21-20. Suppose the motor has reached a speed 71, 
corresponding to full-load torque (operating point 
1). 

The stator poles are slipping past the rotor 
poles at a rate that corresponds to the slip. If the 
rotor is to lock with the revolving field, it must do 
so in the time it takes for one stator pole to sweep 
past a rotor pole. If pull-in is not achieved during 
this interval (Az), it will never be achieved. The 
problem is that in going from speed 1, to synchro- 
nous speed, the kinetic energy must increase by an 
amount: 


AE, = 548x 10°J (n,” - n,”) See Eq. 3-8 (21-3) 


Consequently, to reach synchronous speed, the 
motor must develop an accelerating power P, of at 
least: 


P = AE,/At (21-4) 
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Furthermore, the motor must continue to sup- 
ply the power Pi demanded by the load. If the 
sum of P, + Py exceeds the capacity of the motor, 
it will never pull into step. In essence, a reluctance 
motor can only synchronize when the slip is small 
and the moment of inertia is low. 





Figure 21-22 Rotor of a synchronous reluctance motor. 


Despite this drawback, the reluctance motor is 
cheaper than any other type of synchronous 
motor. It is particularly well adapted to variable- 
frequency electronic speed control. Inertia is then 
no problem because the speed of the revolving 
field always tracks with the speed of the rotor. 
Three-phase reluctance motors of several hundred 
horsepower have been built, using this approach. 
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21-15 Selsyn drive 


In some remote control systems, we may have to 
move the position of a small rheostat that is one or 
two meters away. This problem is easily solved by 
using a flexible shaft. But if the rheostat is 100 m 
away, the flexible-shaft solution becomes impracti- 
cal. We then employ an electrical shaft to tie the 
knob and rheostat together. How does such a shaft 
work? 

Consider two conventional wound-rotor induc- 
tion motors whose 3-phase stators are connected 
in parallel (Fig. 21-23). Two phases of the respec- 
tive rotors are also connected in parallel, and ener- 
gized from a single-phase source. The remarkable 
feature about this arrangement is that the rotor on 
one machine automatically tracks the rotor on the 
other. Thus, if we turn one rotor cw through 17 
degrees, the other rotor will move cw through 17°. 
Obviously, such a system would enable us to con- 
trol a rheostat from a remote location. Two tiny 
wound-rotor motors are required, one (the trans- 
mitter) coupled to the control knob, and the other 
(the receiver) to the rheostat. A 5-conductor cable 
linking the transmitter and receiver constitutes the 
flexible electrical shaft. 

The behavior of this so-called se/syn or servo 





receiver 


rheostat 


Figure 21-23 Components and connections of a servo system. 


control system is explained as follows. Assume the 
transmitter and receiver are identical, and that the 
rotors are in identical positions. When the rotors 
are excited, they behave like the primaries of two 
transformers, inducing voltages in the stator wind- 
ings. The voltages induced in the three stator wind- 
ings of one selsyn are always unequal because the 
windings are displaced by 120°. Indeed, the volt- 
age induced in one winding may be zero, depending 
upon the position of the rotor. 

Nevertheless, no matter what the respective 
stator voltages may be, they are identical in both 
machines when the rotors occupy the same posi- 
tion. The stator voltages balance each other and, 
consequently, no current flows in the lines con- 
necting the stators. The rotors, however, carry a 
small exciting current Jo. 

Now if we turn the rotor of one selsyn, its three 
stator voltages will change. They will no longer 
balance the stator voltages of the other selsyn; 
consequently, currents will flow in the lines con- 
necting the two devices. These currents produce a 
torque on both rotors tending to line them up. 
Since the rotor of the receiver is free to move, it 
will line up with the transmitter. As soon as they 
are aligned, the stator voltages are again in balance, 
and the torque-producing currents disappear. 

Selsyns are often employed to indicate the posi- 
tive of an antenna, valve, gun turret, and so on, 
with the result that the torque requirements are 
small. Such transmitters and receivers are built 
with watch-like precision to ensure they will track 
with as little an error as possible. 

If high torques have to be transmitted, standard 
3-phase wound-rotor induction motors can be used. 


QUESTIONS AND PROBLEMS 


Practical level 


21-1 A 6-pole single-phase motor is connected to 
a 60Hz source. What is its synchronous 


speed? 
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21-2 What is the purpose of the auxiliary winding 
in a single-phase induction motor? How can 
we change the rotation of such a motor? 

21-3 State the main difference between a split- 
phase motor and a capacitor-start motor. 
What are their relative advantages? 

21-4 Explain briefly how a shaded-pole motor 
operates. 

21-5 List some of the properties and advantages 
of a series ac motor. 

21-6 Why are some single-phase motors equipped 
with a resilient mounting? Is such a mount- 
ing necessary on 3-phase motors? 

21-7 What is the main advantage of a capacitor- 
run motor? 

21-8 Which of the motors discussed in this chap- 
ter is best suited to drive the following loads: 

a small portable drill; 

. a 3/4 hp air compressor; 

a vacuum cleaner; 

. a 1/100 hp blower; 

a 1/3 hp centrifugal pump; 

a 1/4 hp fan for use in a hospital ward; 

an electric timer; 

. a hi-fi turn-table. 


sa +2 ao oD 


Intermediate level 


21-9 Referring to Fig. 21-11, the effective imped- 
ance of the main and auxiliary windings un- 
der locked rotor conditions are given as fol- 


lows: 
Effective Effective 
resistance reactance 
Main winding 4Q 7.5 Q 
Auxiliary winding 7.5 Q 4Q 


If the line voltage is 119 V, calculate: 

the magnitude of J, and J; 

. the phase angle between J, and J; 

the line current /,; 

. the power factor under locked-rotor con- 

ditions. 

21-10 The palm of the human hand can just bare- 
ly tolerate a temperature of 130°F. If the 
no-load temperature of the frame of a 1/4 hp 


a0 
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motor is 64°C in an ambient temperature of 
76°F: 

a. can a person keep his hand on the frame? 
b. is the motor running too hot? 

21-11 Referring to Fig. 21-13, if the load torque 
is constant at 4N-m, explain the resulting 
behavior of the motor. 

21-12 a. A single-phase motor vibrates at a fre- 
quency of 100 Hz. What is the frequen- 
cy of the power line? 

b. A capacitor-run motor does not have to 
be set in a resilient mounting. Why? 

c. A 4-pole, 60 Hz single-phase hysteresis 
motor develops a torque of 6 in-Ib when 
running at 1600 r/min. Calculate the 
hysteresis loss per revolution [J] . 

21-13 Referring to the 6 W shaded-pole motor in 
Table 21B, calculate: 

a. the rated power output in millihorsepow- 
er; 

. the full-load power factor; 

the slip at the breakdown torque; 

d. the per unit no-load current and locked- 
rotor current. 

21-14 Referring again to Fig. 21-13, calculate: 

a. the locked-rotor torque [ft-lb] : 

b. the p.u. value of the LR torque; 

c. the starting torque when only the main 
winding is excited; 

d. the per-unit breakdown torque; 


aoa fF 


e. how are the torque-speed curves affected 
if the line voltage falls from 115 V to 
100 V? 


Advanced level 


21-15 In Table 21A, calculate: 

a. the voltage across the capacitor at 
locked-rotor conditions: 

b. the corresponding phase angle between 
I, and Ig. 

21-16 Referring to Fig. 21-16, if the motor oper- 

ates at full load, calculate: 

a. the line curent J, ; 

b. the power factor of the motor: 

c. the active power absorbed by each wind- 
ing; | 

d. the efficiency of the motor. 

21-17 The motor described in Table 21A, has a 
LR power factor of 0.9 lagging. It is installed 
in a workshop situated 600 ft from a home, 
where the main service entrance is located. 
The line is composed of a 2-conductor cable 
made of No. 12 gauge copper. The ambient 
temperature is 25°C and the service entrance 
voltage is 122 V. Calculate: 

a. the resistance of the transmission line: 

b. the starting current and the voltage at the 
motor terminals: 

c. the starting torque [N-m]. 








INDUSTRIAL 
MOTOR 
CONTROL 


Industrial control, in its broadest sense, encom- 
passes all the methods used to control the perfor- 
mance of an electrical system. When applied to 
- machinery, it involves the starting, acceleration, re- 
versal, deceleration and stopping of a motor and 
its load. In this chapter, we shall study the electri- 
cal (but not electronic) control of 3-phase alter- 
nating current motors. Our study is limited to ele- 
mentary circuits because industrial circuits are usu- 
ally too intricate to explain in a few words. How- 
ever, the basic principles covered here apply to any 
system of control, no matter how complex it may 
appear to be. 


22-1 Control devices 


Every control circuit is composed of a number of 
basic components connected together to achieve 
the desired performance. The size of the compo- 
nents varies with the power of the motor, but the 
principle of operation remains the same. Using 
only a dozen basic components, we can design 
control systems that are very complex. The basic 
components are: 
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Disconnecting switches 

Manual circuit breakers 

Cam switches 

Pushbuttons 

Relays 

Magnetic contactors 

Thermal relays and fuses 

Pilot lights | 

Limit switches and other special switches 
Resistors, reactors, transformers and capaci- 
tors 

Table 22A illustrates these devices, and states their 
main purpose and application. The symbols for 
these and other devices are given in Table 22B. 


oe OS So oP ey S 


a= 


22-2 Normally open and normally closed contacts 


Control circuit diagrams always show components 
in a state of rest, that is, when they are not ener- 
gized (electrically) or activated (mechanically). In 
this state, some electrical contacts are open while 
others are closed. They are respectively called nor- 
mally open contacts (NO) and normally closed 
contacts (NC) and are designated by the following 
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TABLE 22A BASIC COMPONENTS FOR CONTROL CIRCUITS 





Disconnecting switches 


A disconnecting switch isolates the motor from 
the power source. It consists of 3 knife-switches 
and 3 line fuses enclosed in a metallic box. The 
Knife-switches open and close simultaneously by 
means of an external handle. An interlocking me- 
chanism prevents the hinged cover from opening 
when the switch is closed. Disconnecting switches 
are designed to carry the nominal full-load current 
indefinitely, and to withstand short-circuit cur- 
rents for brief intervals. 


Figure 22-1 Three-phase, fused disconnecting switch 
rated 600 V, 30 A. (Square D) 


Manual circuit breakers 


A manual circuit breaker opens and closes a circuit, 
like a toggle switch. It trips (opens) automatically 
when the current exceeds a predetermined limit. 
After tripping, it can be reset manually. Circuit 
breakers are often used instead of disconnecting 
switches because no fuses have to be replaced. 


Figure 22-2 Three-phase circuit breaker, 600 V, 100 A. 
(Square D) 


Cam switches 


A cam switch has a group of fixed contacts and an 
equal number of moveable contacts. The contacts 
can be made to open and close in a preset sequence 
by rotating a handle or knob. Cam switches are 
used to control the motion and position of hoists, 
callenders, machine tools, etc. 





Figure 22-3 Three-phase surface-mounted cam switch, 
230 V, 2 KW. (Klockner-Moeller) 
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TABLE 22A BASIC COMPONENTS FOR CONTROL CIRCUITS 





Pushbuttons 


A pushbutton is a switch activated by finger pres- 
sure. Two or more contacts open or close when 
the button is depressed. Pushbuttons are usually 
spring loaded so as to return to their normal posi- 
tion when pressure is removed. 





Figure 22-4 Mechanically-interlocked pushbuttons with NO and NC contacts; rated to interrupt an ac current of 6 A one 
million times. (Siemens) 


Control relays 


A control relay is an electromagnetic switch that 
opens and closes a set of contacts when a so-called 
relay coil is energized. The coil produces a strong 
magnetic field which attracts a moveable armature 
bearing the contacts. Control relays are mainly 
used in low-power circuits. They include time- 
delay relays whose contacts open or close after a 
definite time interval. 





Figure 22-5 Single-phase relays: 25 A, 1 15/230 V and 5 A, 115 V. (Potter and Brumfield) 


Thermal relays 


A thermal relay (or overload relay) is a tempera- 
ture-sensitive device whose contacts open or close 
when the motor current exceeds a preset limit. 
The current flows through a small, calibrated 
heating element which raises the temperature of 
the relay. Thermal relays are inherent time-delay 
devices because the temperature cannot follow the 
instantaneous changes in current. 





Figure 22-6 Three-phase thermal relay with variable current setting, 6 A to 10 A. (Klockner-Moeller) 
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TABLE 22A BASIC COMPONENTS FOR CONTROL CIRCUITS 





Magnetic contactors 


A magnetic contactor is basically a large control 
relay designed to open and close a power circuit. It 
possesses a relay coil which activates a set of con- 
tacts. Magnetic contactors are used to control 
motors ranging from 0.5 hp to several hundred 
horsepower. The size, dimensions and performance 
of contactors are standardized. 





Figure 22-7 a 


Figure 22-7 a. Three-phase magnetic contactor rated 
50 hp, 575 V, 60 Hz. Width: 158 mm; 
height: 155 mm;depth: 107 mm; weight: 
3.5 kg. (Siemens) 


Figure 22-7 b. Three-phase magnetic contactor with 
mercury contacts, 480 V, 60 A. The con- 
tactor is particularly quiet on opening 
and closing. (Davis Controls Ltd) 





Figure 22-7 b 


Pilot lights 


A pilot light indicates the on/off state of a remote 
component in a control system. 


Figure 22-8 Pilot light, 120 V, 3 W mounted in a start- 
stop pushbutton station. (Siemens) 
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TABLE 22A 


BASIC COMPONENTS FOR CONTROL CIRCUITS 





Limit switches and special switches 


A limit switch is a low-power snap-action device 
which opens or closes a contact, depending upon 
the position of a mechanical part. Other limit 
switches are sensitive to pressure, temperature, 
liquid level, direction of rotation, and so on. 


Figure 22-9 a. Limit switch with one NC contact; rated 
for ten million operations; position accu- 
racy: 0.5 mm. (Square D) 


Figure 22-9 b. Liquid level switch. (Square D) 





(a) (b) 





symbols: 
normally open contact ~ [- 
normally closed contact > ds 
22-3 Relay coil exciting current 


When a magnetic contactor is in the open position, 
the magnetic circuit has a very long air gap, com- 
pared to when the contactor is closed. Conse- 
quently, the inductance (and inductive reactance) 
of the relay coil is much lower when the contacts 
are open than when they are closed. Because the 
coil is excited by a fixed ac voltage, the magnetizing 
current is much higher in the open than in the 
closed contactor position. In other words, a con- 
siderable inrush current is drawn by the relay coil 
at the moment it is excited. This places a heavier 
than expected duty on auxiliary contacts that 
energize the coil. 


Example 22-1: 

A 3-phase NEMA size 5 magnetic contactor rated 

at 270A, 460 V possesses a 120 V, 60 Hz relay 

coil. The coil absorbs an apparent power of 

2970 VA and 212 VA, respectively, in the open 

and closed contactor position. Calculate: 

a. the inrush exciting current; 

b. the normal, sealed exciting current; 

c. the ratio of the control power to the power 
handled by the contactor. 


Solution: 
a. 1 The inrush current ts: 
I = S/E = 2970/120 = 24.75A 
b.1 The normal current when the contactor is 
sealed is: 
IT = S/E = 212/120 = 1.77A 
c.1 The ratio of controlled power to controlling 
power Is: 
S,/S2= 460 x 270 x /3/212 
= 1015 
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22-4 Control diagrams 


A control system can be represented by four types 
of circuit diagrams, listed as follows, in order of in- 
creasing detail and completeness: 

® block diagram 

® one-line diagram * 

® wiring diagram 

® schematic diagram 


A block diagram is composed of a set of rectan- 
gles, each representing a control device, together 
with a brief description of its function. The rectan- 
gles are connected by arrows which indicate the di- 
rection of power flow (Fig. 22-10). 






fused 
disconnecting |= 
| switch 





pilot light 
(motor running) 
magnetic 
contactor 
pushbutton 
start-stop 


A schematic diagram shows all the electrical 
connections between components, without regard 
to their physical location or terminal arrangement. 
This type of diagram is indispensable when trou- 
bleshooting a circuit or analyzing its mode of oper- 
ation (Fig. 22-13). 

The reader should note that the four diagrams 
in Figs. 22-10 to 22-13 all relate to the same con- 
trol circuit. The symbols used to designate the var- 
ious components are given in Table 22B. 


22-5 Starting methods 


Three-phase squirrel-cage motors are started either 
by connecting them directly across the line or by 






motor | 





Figure 22-10 Block diagram of a combination starter. 


A one-line diagram is similar to a block diagram 
except that the components are shown by their 
symbols, rather than by rectangles. The symbols 
give us an idea of the nature of the components: 
consequently, one-line diagrams yield more infor- 
mation. The lines connecting the various compo- 
nents represent two or more conductors (Fig. 
22-11). 

A wiring diagram shows the connections be- 
ween the components, taking into account the 
physical location of the terminals and even the 
color of wire. These diagrams are employed when 
installing equipment or when troubleshooting a 
circuit (Fig. 22-12). 


* Also called single-line diagram. 


applying reduced voltage to the stator. The starting 
method depends upon the power Capacity of the 
supply line and the type of load. 

Across-the-line starting is simple and inexpen- 
sive. The main disadvantage is the high starting 
current, which is 5 to 6 times the rated full-load 
current. It can produce a significant voltage drop, 
which may affect other customers connected to 
the same line. Voltage-sensitive devices such as in- 
candescent lamps, television sets, and high-precision 
machine tools respond badly to such voltage dips. 

Mechanical shock is another problem that 
should not be overlooked. Equipment can be seri- 
ously damaged if full-voltage starting produces a 
hammer-blow impulse. Conveyor belts are another 
example where sudden starting may not be accept- 
able. 
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Figure 22-11 One-line diagram of a combination starter. 
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Figure 22-13 Schematic diagram of a combination starter. 
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TABLE 22B GRAPHIC SYMBOLS FOR ELECTRICAL DIAGRAMS 
10 @ 
32 =) =@5 
15 or or 
2 
WAAT VWAAT 
°S =) =() 
3 | or 16 : or =. or 7 
34 —>+ or Co 
4 =i 
17 (*) or \, or I] 35 =o 
= >— 
APPLICATION 
oe eee 18 —e} or —w eis 
| oo eS 
7 i << +> 
= ] 19 WN 
teers ol SCS 37 ton @ ] 
| os 0 
9 or | or \ 21 Ea 
a 38 @t } 
22 EA LAS 
10 f or ‘a or ’ 2a 3¢ | 
* identified by an appropriate letter 
L 24 —r+— 
Wo alo 25 —4r— or —+— 
26 wc.YY. 
2 = oF +h FPO ef 
13 6s on! 28 (™) (s) 
29 (™) () 
ig 
eee 20.) © 





1. terminal; connection 2. conductors crossing 
6. separable connector 7. ground connection; arrester 
. normally closed contact (NC) 11. pushbutton NO: NC 
. double pole double throw switch 15. fuse 
. Winding, inductor or reactor 
. potential transformer 24 dc source (general) 
. motor; generator (general symbols) 


25. cell 


. thyristor or SCR 


3. conductors connected 
8. disconnecting switch 
12. circuit-breaker 
16. thermal overload element 

20. capacitor; electrolytic capacitor 
26. shunt winding 

29. dc motor; dc generator (general symbols) 
. 3-phase squirrel-cage induction motor; 3-phase wound-rotor motor 





4. three conductors 5. plug; receptacle 
9. normally open contact (NO) 
13. single pole switch; three-way switch 

17. relay coil 18. resistor . 

21. transformer 22. current transformer; bushing type 

27. series winding; commutating pole or compensating winding 
30. ac motor; ac generator (general symbols) 

33. synchronous motor; 3-phase alternator 34. diode 


36. 3-pole circuit breaker with magnetic overload device, drawout type 
. de shunt motor with commutating winding; permanent magnet dc generator 


38. magnetic relay with one NO and one NC contact. 


For a complete list of graphic symbols and references see “/EEE Standard and American National Standard Graphic 
Symbols for Electrical and Electronics Diagrams” (ANSI Y32.2/IEEE No. 315) published by the Institute of Electrical and 


Electronic Engineers, Inc., New York, N.Y. 10017. 


countries. 


Essentially the same symbols are used in Canada and several other 


ll 
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Figure 22-14 Manual starters for single-phase motors rated 1 hp (0.75 kW); left: surface mounted; center: flush mounted; 


right: waterproof enclosure. (Siemens) 


In large industrial installations, we can some- 
times tolerate across-the-line starting even for 
motors rated up to 10000hp. Obviously, the 
fuses and circuit-breakers must be designed to 
carry the starting current during the acceleration 
period. 

A disconnect switch or manual circuit-breaker 
is always placed between the supply line and the 
starter. The switch and starter are sometimes 
mounted in the same enclosure to make what is 
called a combination starter. The line fuses (when 
used) are rated at about 3.5 times full-load current; 
consequently, they do not protect the motor 
against continuous overloads. Their primary func- 
tion is to protect the motor and supply line against 
catastrophic currents resulting from a short-circuit 
in the motor or starter, or a failure to start up. The 
fuse rating, in amperes, must comply with the re- 
quirements of the National Electrical Code. 


22-6 Manual across-the-line starters 
Manual 3-phase starters (Fig. 22-14) are composed 


ofa circuit breaker and either two or three thermal 
relays, all mounted in an appropriate enclosure. 


They are used for small motors (10 hp or less) at 
voltages ranging from 120 V to 600 V. The inter- 
changeable thermal relays trip the circuit-breaker 
whenever the current in one of the phases exceeds 
the rated value. 





Figure 22-15 a. Three-phase across-the-line magnetic 
starter, 30 hp, 600 V,60 Hz. (Klockner- 
Moeller) 
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Figure 22-15 b. Schematic diagram of a 3-phase across-the-line magnetic starter. 


22-7 Magnetic across-the-line starters 


Magnetic across-the-line starters are employed 
whenever we have to control a motor from a re- 
mote location. They are also used whenever the 
power rating exceeds 10 kW. 

Figure 22-15 shows a typical magnetic starter 
and its associated connection diagram. The starter 
has three main components: a magnetic contactor, 
a thermal relay, and a control station. 

1. The magnetic contactor A possesses three heavy 

contacts A and one smali auxiliary contact A,. 

Contacts A must be big enough to carry the 


starting current and the nominal full-load cur- a. 


rent, without overheating. The relay coil is rep- 
resented by the symbol (a) . Contacts A and 
A, remain closed as long as the coil is energized. 

2. The thermal relay T protects the motor against 
sustained overloads.” The relay comprises three 
individual heating elements, respectively con- 
nected in series with the three phases. A small, 
normally closed contact T forms part of the re- 
lay assembly. It opens when the relay gets too 
hot, and stays open until the relay is manually 
reset. 


* The thermal relay is often designated by the letters OL 
(overload). 


The current rating of the relay is chosen to 
protect the motor against sustained overloads. 
Contact T opens after a period of time which 
depends upon the magnitude of the overload 
current. Thus, Figure 22-16 shows the tripping 
time as a function of the rated relay current. At 
rated current (multiple 1), the relay never trips, 
but at twice rated current, it trips after an inter- 
val of 40s. The thermal relay is equipped with 
a reset button enabling us to reclose contact T 
following an overload. it is preferable to wait a 
few minutes before pushing the button, to 
allow the relay to cool down. | 
The control station, composed of start-stop 
pushbuttons, may be located either close to, or 
far away from the starter. The pilot light is op- 
tional. 

To start the motor, we first close the discon- 
necting switch and then depress the start but- 
ton momentarily. Coil A is immediately ener- 
gized, contacts A and A, close, and full voltage 
appears across the motor. When the pushbutton 
is released, it returns to its normal position, but 
the relay coil remains excited because auxiliary 
contact A, is now closed. Contact A, is said to 
be a se/f-sealing contact. 

To stop the motor, we simply push the stop 
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Figure 22-16 Typical curve of a thermal overload relay, 


showing tripping time versus line current. 
The tripping time is measured from cold- 
start conditions. If the motor has been 
operating at full load for one hour or 
more, the tripping time is reduced by 
about 30 percent. 


button, which opens the circuit to the coil. In 

case of an overload, the opening of contact T 

produces the same effect. 

lt sometimes happens that a thermal relay will 
occasionally stop a motor for no apparent reason. 
This condition can occur when the ambient tem- 
perature around the starter is too high. We can 
remedy the situation by changing the location of 
the starter, or by replacing the relay by another 
one having a higher current rating. Care must be 
taken before making such a change because if the 
ambient temperature around the motor is also 
high, the occasional tripping may actually be a 
warning. 

Figure 22-17 shows a typical combination 
starter. Figure 22-18 shows another combination 
starter equipped with a small step-down transform- 
er to excite the control circuit. Such transformers 
are always used on high-voltage starters (above 
600 V) because they eliminate the insulation pro- 
blem, permit the use of standard components, and 
reduce the hazard to operating personnel. 
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Figure 22-17 


Figure 22-18 





Three-phase across-the-line combination 
starter, 150 hp, 575 V, 60 Hz. The pro- 
truding knob controls the disconnecting 
switch; the pushbutton station is set in the 
transparent polycarbonate cover. (Klock- 
ner-Moeller) 


Three-phase across-the-line combination 
starter rated 100 hp, 575 V, 60 Hz. The 
isolating circuit breaker is controlled by an 
external handle. The magnetic contactor is 
mounted in the bottom left-hand corner 
of the water proof enclosure. The small 
600 V/120 V_ transformer in the lower 
right-hand corner supplies low-voltage 
power for the control circuit. (Square D) 





424 ELECTRICAL AND ELECTRONIC CONTROLS 


22-8 Inching and jogging 


In some mechanical systems, we have to adjust the 
position of a motorized part very precisely. To ac- 
complish this, we energize the motor in short 
spurts so that it barely starts before it again comes 
to a halt. A double-contact pushbutton J is added 
to the usual start/stop circuit, as shown in Fig. 
22-19. This arrangement permits conventional 
Start-stop control as well as so-called jogging, or 
inching. 


stop | start 





Figure 22-19 Control circuit and pushbutton station for 
Sstart-stop-jog operation. Terminals 8, L3 
correspond to terminals 8, L3 in Fig. 
22-13. 


Jogging imposes severe duty on the power con- 
tacts because they continually make and break 
currents that are 6 times greater than normal. It is 
estimated that each impulse corresponds to 30 nor- 
mal start/stop operations. Thus, a contactor that 
can normally start and stop a motor 3 million 
times, can only jog the motor 100 000 times be- 
fore the contacts have to be replaced.* Further- 
more, jogging should not be repeated too quickly 
because the intense heat of the breaking arc may 
cause the contacts to weld together. When jogging 
is required, the contactor is usually selected to be 
one NEMA size bigger than for normal duty. 


22-9 Reversing the direction of rotation 


We can reverse the direction of rotation of a motor 
by interchanging any two lines. This can be done 


* A magnetic contactor has an estimated mechanical life 
of about 20 million open/close cycles, but the electri- 
cal contacts should be replaced after 3 million such 
normal interruptions. 


by using two magnetic contactors A and B and a 
manual 3-position cam switch (Fig. 22-20). In the 
forward direction, the cam switch engages contact 
1, which energizes relay coil A, causing contactor 
A to close. * 

To reverse the rotation, we move the switch to 
position 2. However, in doing so, we have to move 
past the off position (0). Consequently, it is im- 
possible to energize coils A and B simultaneously. 
Occasionally, however, a mechanical defect may 
prevent a contactor from dropping out, even after 
its relay coil is deenergized. This is a serious situa- 
tion, because when the other contactor closes, a 
dead short-circuit results across the line. The short- 
circuit current can easily be 50 to 500 times greater 
than normal, and both contactors may be severely 
damaged. To eliminate this danger, the contactors 
are mounted side by side and mechanically inter- 
locked, thus making it physically impossible for 
both to be closed at the same time. The interlock is 
a simple steel bar, pivoted at the center, whose ex- 
tremities are tied to the moveable contact assem- 
bly of each contactor. 

During an emergency, push-button U, equipped 
with a large red bull’s-eye, can be used to stop the 
motor (Fig. 22-20c). In practice, operators find it 
easier to hit a large button than to turn a cam 
switch to the off position. 


22-10 Plugging 


We have already seen that an induction motor can 
be brought to a rapid stop by reversing two of the 
lines (Sec. 18-7). However, to prevent the motor 
from turning in reverse, a zero-speed switch must 
open the line as soon as the machine has come to 
rest. The circuit of Fig. 22-21a shows the basic ele- 
ments needed to provide for this type of plugging. 
The circuit operates as follows: 


* The contacts and relay coils may be designated by any 
appropriate letters. Thus, the letters F and R are often 
used to designate ‘‘forward” and “‘reverse’’ operating 
components. In this text, we have adopted the letters 
A and B mainly for reasons of continuity from one cir- 
cuit to the next. 
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Figure 22-20 a. Simplified schematic diagram of a reversible magnetic starter. 





Figure 22-20 b. Three-position cam switch in Fig. Figure 22-20 c. Emergency stop push-button in Fig. 
22-20a. (Siemens) 22-20a. (Square D) 
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Figure 22-21 a. Simplified schematic diagram of a starter with plugging control. 


1. Start/stop push-buttons A and B each have a 
normally open and a normally closed contact. 
The contacts are interlocked mechanically 
(dotted lines). The interlock provides additional 
safety because it prevents the two contactors 
from closing simultaneously. In effect, if we 
analyze the circuit, we can see that it is impossi- 
ble to energize coil A before deenergizing coil 
B, and vice versa. 

2. Contact F-N of the zero-speed switch is normal- 
ly open, but it closes as soon as the motor turns 
in the forward direction. This ‘‘prepares’’ the 
plugging circuit for the eventual operation of 
coil B. 

3. Auxiliary contacts A, and B, are normally 
closed and constitute an electrical interlock. It 
offers additional safety because coil A cannot 
become energized until contactor B has actually 
dropped out, and vice versa. 

Several types of zero-speed switches are on the 
market and Fig. 22-21b shows one that operates 


on the principle of an induction motor. It consists 
of a permanent magnet rotor and a bronze ring, or 
“‘drag-cup,” that is free to pivot between station- 
ary contacts F and R. As soon as the rotor turns 
clockwise, it drags the ring along in the same direc- 
tion, closing contacts F-N. When the motor stops 
turning, the drag-cup returns to the off position. 


22-11 Reduced-voltage starting 


Some industrial loads have to be started very grad- 
ually. Examples are coil winders, printing presses, 
and other machines that process fragile products. 
In other industrial applications, we cannot connect 
a motor directly to the line because the starting 
current is too high. In all these cases, we have to 
reduce the voltage applied to the motor either by 
connecting resistors (or reactors) in series with the 
line or by employing an autotransformer. In re- 
ducing the voltage, we recall that: 

1. The locked-rotor current is proportional to the 


drag cup 





Figure 22-21 b. Typical zero speed switches for use in 
(Hubbell) 


voltage: reducing the voltage by half reduces 
the current by half; 

2. the locked-rotor torque is proportional to the 
square of the voltage: reducing the voltage by 
half reduces the torque by a factor of four. 


22-12 Primary resistance starting 


Resistance starting consists of placing three resis- 
tors in series with the motor during the start-up 
period (Fig. 22-22). When the motor runs close to 
synchronous speed, a magnetic contactor B short- 


disconnecting 


switch 
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Fig. 22-21a; left; drag cup type; right: centrifugal switch type. 


circuits the resistors. This method gives a very 
smooth start with complete absence of mechanical 
shock. The voltage drop across the resistors is high 
at first, but gradually diminishes as the current 
falls. Consequently, the voltage across the motor 
increases with speed, and so the electrical and me- 
chanical shock is negligible when full voltage is fi- 
nally applied (closure of contactor B). The resistors 
are shorted after a delay that depends upon the 
setting of time-delay relay RT. 

The schematic control diagram (Fig. 22-22b) 
reveals the following circuit elements: 


B 
O=—— =) 
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B 
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Figure 22-22 a. Simplified schematic diagram of the power section of a reduced-voltage primary resistor startor. 
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Figure 22-22 b. Control section of Fig. 22-22 a. 


RA - small auxiliary relay possessing two 
NO contacts | 
RT - time-delay relay that closes the cir- 
cuit of coil B after a preset interval 
of time 
A,B - magnetic contactors and their asso- 


ciated contacts and relay coils 

The purpose of relay RA is to carry the exciting 
currents of relay coils A and B. The magnetic con- 
tactors are assumed to be particularly large, and 
the exciting currents could damage the pushbutton 
contacts if they were directly used to control the 
coils (Fig. 22-23). Consequently, it is better to add 
an auxiliary relay having heavy contacts. Other cir- 
cuit components are straightforward, and the 
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Figure 22-24 a, Typical torque-speed curves of a 3- 
phase squirrel-cage induction motor: 
(1) full voltage starting: (2) primary 
resistance starting with voltage reduced 
to 0.65 p.u. 
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Figure 22-23 Control circuit of Fig. 22-22b, after elimi- 
nating auxiliary relay RA, and adding aux- 
iliary contact A,. 


reader should have no difficulty in analyzing the 
Operation of the circuit. 


Figures 22-244 and 22-24b respectively show 
the torque-speed curve and current-speed curve 
when full voltage is applied to a typical 3-phase, 
1800 r/min induction motor. Corresponding curves 


are also shown when resistors are inserted in series 


with the line. The resistors are adjusted so that the 
locked-rotor voltage is 0.65 p.u. The locked-rotor 
torque is then considerably less than full-load 
torque, so the motor must be started at light load. 
When the speed reaches about 1700 r/min, we 
short-circuit the resistors. The current jumps from 
about 1.8 p.u. to 2.5 p.u. - a very moderate jump. 
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Figure 22-24 b. Typical current-speed curves of a 3- 
phase squirrel-cage induction motor: 
(1) full voltage starting; (2) primary 
resistance starting with voltage reduced 
to 0.65 p.u. 


Example 22-2: 

A 150 kW (200 hp), 460 V, 3-phase, 3520 r/min, 

60 Hz induction motor has a locked-rotor torque 

of 600 N-m and a locked-rotor current of 1400 A. 

Three resistors are connected in series with the line 

so as to reduce the voltage across the motor to 

0.65 p.u. Calculate: | 

a. the apparent power absorbed by the motor 
under full-voltage, locked-rotor conditions; 

b. the apparent power absorbed by the motor 
when the resistors are in the circuit; 

c. the apparent power drawn from the line, with 
the resistors in the circuit; 

d. the locked-rotor torque developed by the 
motor. 


Solution: 
a.1 At full voltage, the apparent power is: 
S = V3 EI 
1.73 x 460 x 1400 
1114 kVA 
b. 1. The voltage across the motor at 0.65 p.u. is: 
E = 0.65 x 460 = 299 V 
b.2 The current drawn by the motor decreases in 
proportion to the voltage: 
I = 0.65x 1400 = 910A 
b.3 The apparent power drawn by the motor Is: 
Sm = 1.73 BT = 1.73 x 299 x 910 
= 471 kVA 
c.1 The apparent power drawn from the line is: 
Si = 1.73 EIT = 1.73 x 460 x 910 
= 724kVA 
d.1 The torque varies as the square of the volt- 
age: 
T = 0.65?x 600 = 0.42 x 600 
= 252 N-m (© 186 ft-lb) 
The results of these calculations are summarized 
in Fig. 22-25. 


Eq. 9-9 
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Figure 22-25 See Example 22-2, 
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Example 22-3: 

In Example 22-2, if the locked-rotor power factor 
of the motor alone is 0.35, calculate the required 
value and power of the series resistors. 


Solution: 
We will solve this problem by considering active 
and reactive powers and without using phasor dia- 
grams. 
a.1 The apparent power drawn by the motor is: 

Sm = 471 kVA (from Example 22-2) 
a.2 The apparent power drawn by the line ts: 

Si = 724kVA_ (from Example 22-2) 
a.3 The active power drawn by the motor is: 

Pm = Smcos@ = 471 x 0.35 

= 165 kW 


a.4 The reactive power absorbed by the motor is: 


Om = VSm2-Pm? = V471?- 1657 

441 kvar 

a.5 The resistors can only absorb active power in 
the circuit. Consequently, the reactive power 
supplied by the line must be equal to that 
absorbed by the motor: 

QO, = 441 kvar 
a.6 The active power supplied by the line is: 


PL = VS\?-Q,? = V724? - 441? 


= 574 kW 
a. 7 The active power absorbed by the three re- 
sistors Is: 
Pr = PL -Pm = 574-165 
= 409 kW 


a. 8 The active power per resistor is: 
P = Pp/3 = 409/3 = 136 kW 
a.9 The current in each resistor is: 


I = 910A _ (from Example 22-2) 
a. 10 The value of each resistor is: 
P = I’R 
Si =724kVA Sm = 471 kVA 
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Figure 22-26 See Example 22-3. 
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136 000= 910°R 

. R 0.164 Q2 
This is an interesting example of the useful- 
ness of active and reactive power in solving a 
relatively difficult problem. The results are 
summarized in Fig. 22-26. 


22-13 Autotransformer starting 


For a given torque, autotransformer starting draws 
a lower line current than does resistance starting. 
The disadvantage is that autotransformers cost 
more, and the transition from reduced-voltage to 
full-voltage is not quite as smooth. 

Autotransformers usually have taps to give out- 
put voltages of 0.8, 0.65, and 0.5 p.u. The corre- 
sponding starting torques are respectively 0.64, 
0.42, and 0.25 of the full-voltage starting torque. 
Furthermore, the starting currents on the /ine side 
are also reduced to 0.64, 0.42, and 0.25 of the 
full-voltage locked-rotor current. 

Figure 22-27 shows a simple starter using two 
autotransformers connected in open delta. They 
have a 65% tap. The time-delay relay possesses 
three contacts RT. The contact in parallel with the 
start button closes as soon as coil RT is energized. 
The other two contacts operate after a delay that 
depends upon the relay setting. Contactors A and 
B are mechanically interlocked to prevent them 
trom closing simultaneously. 

Contactor A closes as soon as the start button is 
depressed. This excites the autotransformer and re- 
duced voltage appears across the motor terminals. 
A few seconds later, the two RT contacts in series 
with coils A and B respectively open and close. 
Contactor A drops out, followed almost immedi- 
ately by the closure of contactor B. This action 
applies full voltage to the motor, and simultane- 
ously disconnects the autotransformer from the 
line. 

In transferring from contactor A to contactor 
B, the motor is momentarily disconnected from 
the line. This creates a problem because when con- 
tactor B closes, a large transient current is drawn 
from the line. This transient surge is hard on the 


contacts and also produces a mechanical shock. 
For this reason, we sometimes employ more elab- 
orate circuits in which the motor is never complete- 
ly disconnected from the line. Figure 22-28a and 
22-28b compare the torque and line current when 
autotransformer and resistance starting is used. 
The locked-rotor voltage in each case is 0.65 p.u. 
The reader will note that the locked-rotor torques 
are identical, but the locked-rotor line current is 
much lower using an autotransformer (2.7 versus 
4.2 p.u.). 

However, once the motor reaches 90% of syn- 
chronous speed, resistance starting yields a higher 
torque because the terminal voltage is then higher 
than the 65% value that existed at the moment of 
start-up. On the other hand, the line current at all 
speeds is smaller when using an autotransformer. 

Because the autotransformers and resistors op- 
erate for very short periods, they can be wound 
with much smaller wire than continuously rated 
devices. This enables us to drastically reduce the 
size, weight and cost of these components. 





Figure 22-27. a. Reduced autotransformer 


voltage 
starter, 100 hp, 575 V, 60 Hz. (Square 
D) 
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Figure 22-27 bb. Simplified schematic diagram of an autotransformer starter. 





= 
S 
0 
0 400 800 1200 1600 1800 r/min 0 400 800 1200 16001800 r/min 
——> speed —-» speed 
Figure 22-28 a. Typical reduced voltage (0.65 p.u.) Figure 22-28 b. Typical reduced voltage (0.65 p.u.) 
torque-speed curves of a 3-phase squir- current-speed curves of a 3-phase squir- 
rel-cage induction motor: (2) primary rel-cage induction motor: (2) primary 
resistance starting; (3) autotransform- resistance starting; (3) autotransformer 
er starting. starting. 
Example 22-4: and having a 65% tap, are employed to provide 
A 200 hp (150 kW), 460 V, 3-phase, 3520 r/min, reduced-voltage starting. Calculate: 
60 Hz induction motor has a locked rotor torque a. the apparent power absorbed by the motor; 
of 600 N-m and a locked-rotor current of 1400 A. b. the apparent power supplied by the 460 V line; 
Two autotransformers, connected in open delta, c. the current supplied by the 460 V line; 
d. the locked-rotor torque. 
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Solution: 
a1 The voltage across the motor is: 
E = 0.65 x 460 = 299 V 
a.2 The current drawn by the motor is: 
I = 0.65~x 1400 = 910A 
a.3 The apparent power drawn by the motor is: 
Sm = 1.73 ET = 1.73 x 299 x 910 
= 471 kVA 
b. 1 The apparent power supplied by the line is 
equal to that absorbed by the motor because 
the active and reactive power consumed by 
the autotransformers is negligible (Sec. 13-1). 
Consequently, 
Sit = 471 kVA 
c.1 The current drawn from the line is: 
f = S,/(1.73 E) 
= 471 000/(1.73 x 460) 
= 592A 
Note that this current is considerably smaller 
than the line current with resistance starting. 
d. The locked-rotor torque varies as the square 
of the motor voltage: 
T = 0.657 x 600 
= 252 N-m 
The results of these calculations are summa- 
rized in Fig. 22-29. 


Eq. 9-9 
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Figure 22-29 See Example 22-4. 


22-14 Other starting methods 


Several other methods are employed to limit the 
current and torque when starting induction motors. 
some only require a change in the stator winding 
connections. Thus, with part-winding starting, two 
identical sections of one phase are first connected 
in series during the starting period and then in par- 


allel during the running period. Part-winding start- 
ing is only used on big motors. 

In wye-de/lta starting, all six stator leads are 
brought out to the terminal box. The windings are 
connected in wye during start-up, and in delta dur- 
ing normal running conditions. This starting meth- 
od gives the same results as an autotransformer 
starter having a 58% tap. The reason is that the 
voltage across each wye-connected winding is only 
1/\/3 (= 0.58) of its rated value. 

To start wound-rotor motors, we progressively 
short-circuit the external rotor resistors in one, 
two, or more steps. The number of steps depends 
upon the size of the machine and the nature of the 
load. 


22-15 Cam switches 


Some industrial operations have to be under the 
continuous control of an operator. In hoists, for 
example, an operator has to vary the lifting and 
lowering rate, and the load has to be carefully set 
down at the proper place. Such a control sequence 
can be done with cam switches. 

Figure 22-30 shows a 3-position cam switch de- 
signed for the forward, reverse and stop operation 
of a 3-phase induction motor. For each position of 
the knob, some contacts are closed while others 
are open. This information is given in a table, usu- 
ally glued to the side of the switch. A cross X des- 
ignates a closed contact, while a blank space is an 
open contact. In the “forward’’ position, for ex- 
ample, contacts 2, 4, and 5 are closed and contacts 
1 and 3 are open. When the knob is turned to the 
stop position, all contacts are open. Figure 22-30b 
shows the shape of the cam that controls the open- 
ing and closing of contact 1. 

The schematic diagram (Fig. 22-31) shows how 
to connect the cam switch to a 3-phase motor. The 
state of the contacts (open or closed) is shown di- 
rectly on the diagram for each position of the 
knob. The 3-phase line and motor are connected 
to the appropriate cam-switch terminals. Note that 
several jumpers J are also required to complete the 
connections. The reader should analyze the circuit 
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Figure 22-30 Cam switch: a. external appearance; b. detail of the cam controlling contact 1, in the “stop” position; 
c. table listing the on-off state of the 5 contacts. 
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Figure 22-31 Schematic diagram of a cam switch permitting forward-reverse and stop operation of a 3-phase motor. 


connections and current flow for each position of QUESTIONS AND PROBLEMS 
the switch. 
Some cam switches are designed to carry several Practical level 
hundred amperes, but we often prefer to use mag- 
netic contactors to handle large currents. In such 22-1 Name four types of circuit diagrams and de- 
cases, a small cam switch is employed to control scribe the purpose of each. 
the relay coils of the contactors. Very elaborate 22-2 Without referring to the text, describe the 
control schemes can be designed with multicontact operation of the starter shown in Fig. 


cam switches. 22-15b, and state the use of each component. 
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22-3 


22-4 


22-5 


22-6 


22-7 


22-8 


22-9 
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Give the symbols fora NO and a NC contact, 
and for a thermal relay. 

Identify all the components shown in Fig. 
22-20a using the list given in Table 22A. 
Where are contact T and coil A situated 
physically? 

If the start and stop pushbuttons in Fig. 
22-21a are pushed simultaneously, what will 
happen? 

Referring to Fig. 22-13, if the A, contact in 
parallel with the start pushbutton were re- 
moved, what effect would it have on the op- 
eration of the starter? 

If a dead short-circuit occurs in motor M of 
Fig. 22-13, which device will open the cir- 
cuit? 

A small short-circuit between the turns of 
the stator winding in Fig. 22-13 produces a 
50% increase in the line current of one phase. 
Which device will shut down the motor? 
Under what circumstances is reduced-voltage 
starting required? 


Intermediate level 


22-10 A thermal relay having a tripping curve 


given in Fig. 22-16 has to protect a 40 hp, ~ 


575 V, 3-phase, 720 r/min induction motor 
having a nominal current rating of 40 A. If 
the relay is set to 40 A, how long will it take 
to trip if the motor current is (a) 60 A; (b) 
240 A? 


22-11 a. If the control circuit of Fig. 22-19 is 


used in place of that shown in Fig. 
22-13, show that the motor will start 
and continue to run if we momentarily 
press the ‘‘start’’ button. 

b. Show that if we press the jog button, 
the motor only runs for as long as the 
button is depressed. 


22-12 A magnetic contactor can make 3 million 


iad 


“norma circuit interruptions before its 
contacts need to be replaced. If an operator 


jogs the motor so that it starts and stops 


once per minute, after how many working 


days (approx) will the contacts have to be 
replaced, assuming the operator works an 8- 
hour day? 

22-13 a. Referring to Fig. 22-21a, and assuming 
the motor is initially at rest, explain the 
operation of the circuit when the “‘start’”’ 
button is momentarily depressed. 

b. If the motor is running normally, what 
happens if we momentarily press the 
“stop’’ button? 

22-14 a. Explain the sequence of events that 
takes place when the start button in Fig. 
22-22 is momentarily depressed, know- 
ing that relay RT is adjusted for a delay 
of 10s. 

b. With the motor running, explain what 
happens when the stop button is de- 
pressed. 

22-15 Referring to Fig. 22-27b, describe the se- 
quence of events that takes place when the 
start button is momentarily depressed, 
Knowing that relay RT is set for a delay of 
5s. Draw the actual circuit connections, in 
sequence, until the motor reaches its final 
speed. 

22-16 A 100 hp, 460 V, 3-phase induction motor 
possesses the characteristics given by curve 1, 
Figs. 22-24a and 22-24b. The full-load cur- 
rent is 120 A, and the thermal relays are set 
to this value. If the relay tripping curve is 
given by Fig. 22-16, calculate the approxi- 
mate tripping time if the load current sud- 
denly rises to 240 A. (Assume the motor had 
been running for several hours at full load). 


Advanced level 


22-17 a. The curves in Fig. 22-24 relate to a 
100 hp, 460 V, 1765r/min, 3-phase, 
60 Hz induction motor, whose full-load 
current is 120A. Calculate the break- 
down torque for curves 1 and 2 [ft-lb]. 
b. Calculate the torque developed when 
the resistors are in the circuit and the 
line current is 480 A [ft-lb]. 
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FUNDAMENTAL 
ELEMENTS OF 
POWER 
ELECTRONICS 





Electronic systems and controls have gained wide 
acceptance in power technology; consequently, it 
has become almost indispensable to know some- 
thing about power electronics. Naturally, we can- 
not cover all aspects of ‘this broad subject in a sin- 
gle chapter. Nevertheless, we can explain in simple 
terms the behavior of a large number of electronic 
power circuits, including those most commonly 
used today. 

As far as devices are concerned, we shall limit 
the discussion té diodes and thyristors. They are 
found in all electronic systems involving the con- 
version of ac power to dc power and vice versa. 
Other devices such as triacs, gate turn-off thy- 
ristors, and switching power transistors are, of 
course, important, but their action on a circuit is 
basically no different from that of a thyristor and 
its associated switching circuitry. All these devices 
are basically ultra-high-speed switches, so much so, 
that much of power electronics can be explained 
by the opening and closing of circuits at precise in- 
stants of time. However, we should not conclude 
that circuits containing these components and de- 
vices are simple - they are not - but the circuits can 
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be understood without having an extensive back- 
ground in semiconductor theory. 


23-1 Voltage across some circuit elements 


The concept of potential levels is very useful in 
analyzing and understanding electronic power cir- 
cuits. Consequently, the reader should review Sec. 
2-7 before undertaking the study of this chapter. 

Let us first look at the voltage levels that ap- 
pear across some active and passive circuit elements 
commonly found in electronic circuits. Specifical- 
ly, we examine sources, switches, resistors, coils 
and capacitors. 

1. Sources. By definition, ac and dc voltage 
sources impose “‘rigid’’ potential levels; nothing 
that happens in acircuit can modify these levels. 
On the other hand, ac and dc current sources 
deliver a constant current, and the voltage levels 
must respond accordingly. 

2. Potential across a switch. When a switch is open 
(Fig. 23-1), the voltage across its terminals de- 
pends exclusively upon the external elements 
that make up the circuit. On the other hand, 
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when the switch is closed, the potential level 
of both terminals must be the same. Thus, if we 
happen to know the level of terminal 2, then 
the level of terminal 1 is also known. This sim- 
ple rule also applies to thyristors and diodes, 
because they behave like switches. 


1 2 
~~ —o 
Figure 23-1 Potential across a switch. 


3. Potential across a resistor. If no current flows 
in a resistor, its terminals must be at the same 
potential, because the /R drop is zero (Fig. 
23-2). Consequently, if we happen to know the 
potential level of one of the terminals, the level 
of the other is also known. On the other hand, 
if the resistor carries a current J, the JR drop 


so} 


Figure 23-2 Potential across a resistor. 


produces a corresponding potential difference 
between the terminals. For example, if current 
flows in the direction shown in Fig. 23-2, the 
potential of terminal 3 is above that of terminal 
4, by an amount equal to JR. 

4. Potential across a coil or inductance. The ter- 
minals of a coil are at the same potential only 
during those moments when the current is not 
changing. If the current varies, the potential dif- 
ference is given by 


E = L (AI/At) Eq. 7-10 
I 
8 ryv¥vN_s 
Li 


Figure 23-3 Potential across an inductor. 


Thus, if the current in Fig. 23-3 is increasing 
while flowing in the direction shown, the po- 
tential of terminal 5 is above that of terminal 6, 


by an amount equal to L A//At. 


5. Potential across a capacitor. The terminals of a 


Capacitor are at the same potential only when 
the capacitor is completely discharged. Further- 
more, the potential difference between the ter- 
minals remains constant whenever current J is 
zero (Fig. 23-4). 


of 


Figure 23-4 Potential across a capacitor. 


6. Initial potential level. A final rule regarding po- 
tential levels is worth remembering. Unless we 
know otherwise, we assume the following initial 
conditions: 

a. all currents in the circuit are zero; 
b. all capacitors are discharged. 

These hypothetical starting points enable us 
to analyse the behavior of any circuit from the 
moment power is applied. 


23-2 The diode 


A diode is an electronic device possessing two ter- 
minals, respectively called anode (A) and cathode 
(K) (Fig. 23-5). Although it has no moving parts, a 
diode acts like a high-speed switch whose contacts 
open and close according to the following rules: 


Rule 1. When no voltage is applied across a diode, 
it acts like an open switch. The circuit is 
therefore open between terminals A and 
K (Fig. 23-5a). 

Rule 2. If we apply an /nverse voltage FE’, across 
the diode, so that the anode is negative 
with respect to the cathode, the diode 
continues to act as an open switch (Fig. 
23-5b). 

Rule 3. If a momentary forward voltage EF, is ap- 
plied across the terminals, so that anode 
A is slightly positive with respect to the 
cathode, the terminals become _ short- 
circuited. The diode acts like a closed 
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switch and a current immediately begins 
to flow from anode to cathode (Fig. 
23-5c). Only a few tenths of a volt are 
needed to trigger the diode so that its 
“‘contacts”’ close. 

While the diode conducts, a small volt- 
age drop appears across its terminals. 
However, it is always less than 1.5 V, so 
we can neglect it in most electronic cir- 
cuits. It is precisely because of this small 
drop that we can assume the diode is es- 
sentially aclosed switch when it conducts. 

Rule 4. As long as current flows, the diode acts 
~ like a closed switch. However, if it stops 
flowing for even as little as 10 us, the 
diode immediately returns to its original 
open state (Fig. 23-5d). Conduction will 
only resume when the anode again be- 
comes slightly positive with respect to the 
cathode (Rule 3). 


In conclusion, a diode behaves like a normally 


open switch whose contacts close as soon as the 
anode vo/tage becomes slightly positive with re- 


E=0 
(a) atp« l o— rule 1 


2 
(b) appx l o— rule 2 


(c) rule 3 
Ey 
A ty K —@-"s—_ 
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Figure 23-5 Basic rules governing diode behavior. 


spect to the cathode. Its contacts only reopen 
when the current (not the voltage) has fallen to 
zero. This simple rule is crucially important to an 
understanding of circuits involving diodes and thy- 
ristors. 

Symbol for a diode. The symbol for a diode bears 
an arrow that indicates the direction of conven- 
tional current flow when the diode conducts. 


23-3 Principal characteristics of a diode 


Peak inverse voltage. A diode can withstand only 
so much inverse voltage before it breaks down. 
The peak inverse voltage (PIV) ranges from 50 V 
to 2000 V, depending on the construction. If we 
exceed the rated PIV, the diode begins to conduct 
in reverse and, in many cases, it is immediately de- 
stroyed. 

Maximum average current. There is also a limit to 
the current a diode can carry. The maximum cur- 
rent may range from a few hundred milliamperes 
to over 2000 A, depending on the construction 
and size of the diode. 

Maximum temperature. A diode must never oper- 
ate beyond its rated temperature. Most silicon di- 
odes can operate satisfactorily provided the inter- 
nal temperature lies between - 50°C and + 200°C. 
The temperature of a diode can change very 
quickly owing to its small dimensions and mass. 
To improve heat transfer, diodes are usually 
mounted on thick metallic supports, called heat 
sinks. Furthermore, in large installations, the di- 
odes may be cooled by fans, by oil, or by a contin- 
uous flow of deionized water. Table 23A gives the 
specifications of some typical diodes. Figure 23-6 
shows a range of low to very high power diodes. 
Diodes have many applications and, to illustrate 
their properties, we now analyze a few simple cir- 
cuits. 


23-4 Battery charger with series resistor 
The circuit of Fig. 23-7a represents a battery char- 


ger. Transformer T, connected to a 120 V ac sup- 
ply, furnishes a sinusoidal secondary voltage having 
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TABLE 23A PROPERTIES OF SOME TYPICAL DIODES 
a i a ee 
relative To Eo Tee E, i T; d ] 
power A V A V mA °C mm mm 
eer emne Seana 
low 1 0.8 30 1000 0.05 175 3.8 4.6 
medium 12 0.6 240 1000 0.6 200 11 32 
high 100 0.6 1 600 1000 4.5 200 25 54 
very high 1000 1.1 10 000 2000 50 200 47 26 
SEES 
Io - average dc current d - diameter 
F'o- voltage drop corresponding to Jo L - length 


Icy - peak value of surge current for 1 cycle 

F'2- peak inverse voltage 

I, - reverse leakage current corresponding to E, 

Ty - maximum junction temperature (inside the diode) 


I A ICN AE AI ag Ea ed 





(c) 





(a) (b) (d) 
Figure 23-6 Range of diodes from low to very high power capacity. 


a. Average current: 4 A; PIV: 400 V; body length: 10 mm; diameter: 5.6 mm. 
b. Average current: 15 A; PIV: 500 V: stud type; length less thread: 25 mm: diameter: 17 mm. 


Average current: 500 A; PIV: 2000 V; length less thread: 244 mm; diameter: 40 mm. 


d. Average current: 2600 A; PIV: 2500 V; Hockey Puk; distance between pole faces: 35 mm; overall diameter: 98 mm. 
(Photos courtesy of International Rectifier) 
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Figure 23-7 a. Simple battery charger circuit. 


a peak of 100 V. A 60 V battery, a 1 Q2 resistor, 
and a diode D are connected in series across the 
secondary. 

To explain the operation of the circuit, let us 
choose point 1 as the reference terminal. The po- 
tential of this terminal is therefore a straight hori- 
zontal line. The potential of terminal 2 swings 
above and below point 1, according to whether 2 
is positive or negative with respect to 1. The level 
of terminal 3 is always 60 V above terminal 1, be- 
cause the battery voltage is constant. The potential 
levels are shown in Fig. 23-7b. 


Circuit analysis 

a. Prior to t = 0, we assume all currents are zero. 
The potential of point 4 is therefore at the 
same level as point 3. 

b. During the interval from O to f,, anode 2 is neg- 
ative with respect to cathode 4; consequently, 
the diode cannot conduct (Rule 2); 

c. At instant ¢,, terminal 2 becomes positive with 
respect to 4, and the diode begins to conduct 
(Rule 3). From this moment on, the diode acts 
like a closed switch. Consequently, point 4 fol- 
lows point 2. 

d. From ¢, to fz, the current in the circuit is given 
by: 

IT = E43/1 Q 


b. Corresponding voltage and current waveforms. 


The current reaches a peak of 40 A when £43 = 

+ 40 V.’As long as current flows, the diode be- 

haves like a closed switch; 

e. At instant fz, the current is zero, and the diode 
immediately ‘‘opens” the circuit (Rule 4). From 
this moment on, point 4 follows point 3. 

f. From tz to tq, point 2 is negative with respect 
to point 3. Because point 4 follows point 3 (no 
IR drop in the resistor), the PIV across the di- 
ode reaches a maximum of 160 V, at instant £3; 

g. Finally, from fq on, the cycle (a to f) repeats it- 
self. 

This circuit produces a pulsating current that al- 
ways flows into the positive terminal of the bat- 
tery. Consequently, the latter receives energy and 
progressively charges up. 


23-5 Battery charger with series inductor 


The current flow in the battery charger of Fig. 
23-7 is limited by resistor R. Unfortunately, this 
produces large JR losses and a corresponding poor 
efficiency. We can get around this problem by re- 
placing the resistor by an inductor, as shown in 
Fig. 23-8a. Let us analyze the operation of this cir- 
cult. 


a. As in the previous example, the diode begins to 
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Figure 23-8 a. 


conduct at instant tf; when anode 2 becomes 
positive with respect to cathode 4. From this 
moment on, point 4 follows point 2, and volt- 
age F’43 appears across the inductor (Fig. 23-8b). 
‘The latter begins to “‘accumulate’”’ volt-seconds 
and the current increases gradually, until it 
reaches a maximum given by 


Fras = APL Eq. 7-11 


A+= dotted area between ¢, and f, [V-s] 

L = inductance [H] 

Note that the current reaches its peak at instant 
t. whereas it was zero at this moment, when a re- 
sistor was used. This is consistent with the fact 
that current through an inductor lags behind the 
voltage. 

b. The current decreases between f, and fs, be- 
coming zero at t3 when A- is equal to At. 

c. As soon as the current is zero, the diode “‘opens” 
the circuit, whereupon point 4 jumps to the lev- 
el of point 3. It stays at this level until instant 
t4, where the whole cycle repeats itself. 

This is an interesting example of the use of an 
inductor to store and release electrical energy. 
During the interval from f; to f,, the inductor 
stores energy and, from f2 to fs, it returns it again 
to the circuit (See Sec. 7-12). 


where 
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Battery charger using a series inductor. 
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b. Corresponding voltage and current waveforms. 


Example 23-1: 

The coil in Fig. 23-8 has an inductance of 3.3 mH. 
Calculate the peak current if the supply frequency 
is 60 Hz. 


Solution: 

a. To calculate the peak current, we must find the 
value of area A+. This can be done by integral 
calculus, but we shall employ a much simpler 
graphical method. Thus, referring to Fig. 23-8c, 
we have redrawn the voltage levels using graph 
paper. The voltage cycle is divided into 24 equal 
parts, each representing an interval 

At= (1/24) x (1/60) = 1/1440s 

Similarly, the ordinates are scaled off in 
10 V intervals. Consequently, each small square 
represents an area of (1/1440) x 10 = 
6.944 mV‘s. 

b. By counting squares, we find that A+ contains 
19 squares; consequently, its area corresponds 
to: 

At+t= 19x 6.944 = 132 mV:-s = 

c. The peak current is: 


Imax = At/L = 0.132/0.0033 = 40A 


The peak current is the same with an inductor 


0.132 V-s 
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Figure 23-8 c. See Example 23-1. 


of 3.3 mH as it was for a resistor of 1 42. How- 
ever, the big advantage of the inductor is that it 
has essentially no losses. The conversion of ac 
to dc power is therefore much more efficient. 


23-6 Single-phase bridge rectifier 


The circuit of Fig. 23-9a enables us to rectify both 
the positive and negative half cycles of an ac 
source, to supply a dc load R. The four diodes to- 
~ gether make up what is called a single-phase bridge 
rectifier. 


peak voltage = E,, 





The circuit operates as follows. When source 
voltage F,, is positive, terminal 1 is positive with 
respect to terminal 2 and current i, flows through 
R by way of diodes Al and A2. Consequently, 
point 3 follows point 1 and point 4 follows point 
2 during this conduction interval. Conduction 
ceases when i, falls to zero at instant ¢, (Fig. 
23-9b). The polarity then reverses and £4, becomes 
positive, meaning that terminal 2 is positive with 
respect to terminal 1. Current i, now flows through 
R in the same direction as before, but this time by 
way of diodes B1 and B2. Consequently, point 3 
now follows point 2 while point 4 follows point 1. 
Voltage £34 across the load is therefore composed 
of a series of half-cycle sine waves that are always 
positive. The voltage pulsates between zero and a 
maximum value £,, equal to the peak voltage of 
the source. The average value of this rectified volt- 
age is given by: 


Eg= de voltage of a single-phase bridge recti- 
fier [V] 
E = effective value of the ac line voltage [V] 
0.90 = constant [exact value = 2/2/7] 





Figure 23-9 a. Single-phase bridge rectifier. b. Voltage levels. 
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Figure 23-9 c. Voltage and current waveforms. 


Referring to Fig. 23-9b, the potential levels of 
terminals 1 and 2 are treated as reference poten- 
tials on alternate half cycles. Thus, terminal 2 is 
the reference during the first half cycle, while ter- 
minal 1 is the reference during the second half cy- 
cle, and so on. Figure 23-9c shows the rectified 
voltage and current of the load. 

Load voltage F'3, contains an ac component 
whose fundamental frequency is twice the line fre- 
quency. Furthermore, the so-called peak-to-peak 
ripple is equal to Ey. 

In the case of a resistive load, the current has 
the same waveshape as the voltage; its average, or 
dc value, is given by: 


Iq = Eq/R 


Example 23-2: 

The ac source in Fig. 23-9a has an effective voltage 
of 120 V, 60 Hz. The load draws a de current of 
20 A. Calculate: 

a. the dc voltage across the load; 

b. the average dc current in each diode; 


Solution: 

a. The dc voltage across the load is given by Eq. 
23-1: 

Eg= 0.90F 

0.90 x 120 

108 V 

b. The de current in the load is 20 A, but the di- 
odes only carry the current on alternate half cy- 
cles. Consequently, the average dc current in 
each diode is: 


I = Jg/2 = 20/2 = 10A 


23-7 Filters 


The rectifier circuits we have studied so far pro- 
duce pulsating voltages and currents. In some types 
of loads, we cannot tolerate such pulsations, and 
filters must be used to smooth out the valleys and 
peaks. The basic purpose of a dc filter is to pro- 
duce a smooth power flow into a load. Conse- 
quently, a filter must absorb energy whenever the 
dc voltage or current tends to increase, and it must 
release energy whenever the voltage or current 
tends to fall. In this way, the filter tends to main- 
tain a constant voltage and current in the load. 

The most common filters are inductors and ca- 
pacitors. Inductors store energy in their magnetic 
field. They tend to maintain a constant current; 
consequently, they are placed jn series with the 
load (Fig. 23-10a). Capacitors store energy in their 
electric field. They tend to maintain a constant 
voltage; consequently, they are placed jn parallel 
with the load (Fig. 23-10b). 

The filtering action improves as we increase the 
amount of energy stored in the filter. In the case 
of an inductor, we obtain good current smoothing 
(peak-to-peak ripple less than 5% of the dc current) 
provided that: 


W_>P/f (23-2) 
where 
W.. = dc energy stored in the smoothing induc- 
tor [J] 
P = dc power absorbed by the load [W] 


as 
lI 


frequency of the source [Hz] 
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peak voltage = Ep, 


peak voltage = Em 





(a) (b) 


Figure 23-10 a. Rectifier with inductive filter. 


b. Rectifier with capacitive filter. 


The current in Fig. 23-10a is much more con- 
stant than in Fig. 23-9a. The voltage between ter- 
minals 3 and 4 still pulsates badly, but it is very 
smooth across the load (Fig. 23-11). The dc volt- 
age across the load is again given by Eq. 23-1. 
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Figure 23-11 


Current and voltage waveforms with in- 
. ductive filter. 


Bridge rectifiers provide dc current for relays, 
electromagnets, motors, and many other magnetic 
devices. In most cases, the self-inductance of the 
coils is sufficient to provide good filtering. Thus, 
although the voltage across the coils may pulsate 
very strongly, the dc current through them is 
smooth. Consequently, the magnetic field pulsates 
very little. 


Example 23-3: 

We wish to build a 135 V, 20 A de power supply 
using a single-phase bridge rectifier and an induc- 
tive filter. The peak-to-peak current ripple should 
be less than 5%. If a 60 Hz ac source is available, 
calculate: 

a. the effective value of the ac voltage; 

b. the energy stored in the inductor; 

c. the inductance of the inductor; 

d. the peak-to-peak current ripple. 


Solution: 
a. The ac voltage is given by Eq. 23-1: 
Eg = O9E 
135 = O9F 
EF = 150V 


b. The dc power output of the rectifier ts: 
135 x 20 
2700 W 
The energy to be stored in the inductor (or 
choke) is given by:; 
W. > Pif 
W,. > 2700/60 


> 45J 
Consequently, to keep the current ripple within 
5%, the inductor must store at least 45 J in its 
magnetic field. 


Eq. 23-2 


c. The inductance of the choke can be calculated 
from: 


WL = ’ Li 4 


Eq. 7-12 
5 q 


1 
45 = —L (20)? 
? ; 
" LL = 0.225H 


d. The peak-to-peak ripple is about 5% of the dc 
current: 
Tpeak-topeak = 0.05x 20 = 1A 
The dc output current therefore pulsates be- 
ween 19.5 A and 20.5 A. 
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Figure 23-12 Three-phase, 3-pulse rectifier with inductive filter. 


23-8 Three-phase 3-pulse rectifier 


The simplest 3-phase rectifier is composed of three 
diodes connected in series with the secondaries of 
a 3-phase, delta-wye transformer (Fig. 23-12). A 
very large inductance L is connected in series with 
the load, so that current Jy remains ripple-free. Al- 
though the load is represented by a resistance R, in 
reality it is always a useful energy-consuming de- 
vice, and not a heat-dissipating resistor. Thus, the 
load may be adc motor, a large magnet or an elec- 
troplating bath. This simple rectifier has some se- 
rious drawbacks, but it provides a good introduc- 
tion to 3-phase rectifiers in general. We now ana- 
lyse its behavior. 

1. Voltage across the load. Choosing the trans- 
former neutral as a reference point, let us as- 
sume that the secondary voltages follow the 
levels 1, 2, 3, shown in Fig. 23-13. These poten- 
tial levels are fixed by the ac source and they 
reach a peak value E\y. 

Before we energize the circuit, points K, 4, N 
are at the same level because J is zero. However, 
the moment we apply power (¢ = O) the poten- 
tial of point 1 suddenly becomes positive with 
respect to K. This immediately initiates conduc- 
tion in diode D1 (Sec. 23-2, Rule 3). Current 
Zt; increases rapidly, attaining a final value J 
which depends upon load R. During this inter- 


val, K is at the same level as point 1 because the 
diode is conducting. 

As points K and 1 move together in time, 
they eventually reach a critical moment, corre- 
sponding to an angle 09 of 60° (Fig. 23-13). 
The moment is critical because immediately 
after, terminal 2 becomes positive with respect 
to K and 1. According to Rule 3, this initiates 
conduction in diode D2, so that /t begins to car- 
ry current J. At the same time that conduction 
starts in D2, it ceases in diode D1. Consequent- 
ly, beyond 60°, point K follows the level of 
point 2. 

The sudden switchover from one diode to 
another is called commutation. \Nhen the 
switchover takes place automatically (as it does 
in our example), it is called natural commuta- 
tion. Commutation from one diode to another 
does not really take place instantaneously, as 
we have indicated. Owing to transformer leak- 
age reactance, the current gradually increases in 
in diode D2 as it decreases in diode D1. This 
gradual transition continues until all the load 
current is carried by diode D2. However, the 
commutation period is very short (typically less 
than 2 ms) and, for our purposes, we can as- 
sume it occurs instantaneously. 

The next critical moment occurs at 180°, be- 
cause terminal 3 then becomes positive with re- 
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Figure 23-13 Voltage and current waveforms in a 3-phase, 3-pulse rectifier. 
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spect to K. Commutation again takes place as 
the load current switches from diode D2 to di- 
ode D3. Point K therefore follows the positive 
peaks of waves 1, 2 and 3, and each diode car- 
ries the full load current for equal intervals of 
time (120°). The diode currents have a rectan- 
gular waveshape composed of positive current 
intervals of 120° followed by zero current in- 
tervals of 240°. 

Voltage Exn across the load and inductor 
pulsates between 0.5£,, and Ey. The ripple 
voltage is therefore smaller than that produced 
by a single-phase bridge rectifier (Fig. 23-11). 
Furthermore, the fundamental ripple frequency 
is three times the supply frequency, which 
makes it easier to achieve good filtering. The dc 
voltage across the load is given by: 


Eg = 0.6752 (23-4) 
where 
Eg = average or dc voltage of a 3-pulse 
rectifier [V] | 
E = effective ac line voltage [V] 
0.675 = aconstant [exact value = 3/(1/2)] 


If we reverse the diodes in Fig. 23-12, the 
rectifier operates the same way, except that the 
load current reverses. Voltage Ex, becomes 
negative, and point K follows the negative peaks 
of waves 1, 2 and 3. 


. Line currents. Currents 7,, 22, 13, which flow in 


the diodes, also flow in the secondary windings 
of the transformer. These currents have a 
chopped rectangular waveshape which is quite 
different from the sinusoidal currents we are fa- 
miliar with. Furthermore, the currents flow for 
only 1/3 of the time in a given winding. Owing 
to this intermittent flow, the nominal rating of 
the transformer cannot be harnessed to deliver 
an equivalent amount of dc power. For exam- 
ple, to deliver 100 kW of dc power in Fig. 
23-12, we would have to install a transformer 
having a rating of 135 kVA. The utilization fac- 
tor of the transformer is said to be 100/135 = 
0.74 or 74 percent. 


The chopped secondary currents are reflected 
into the primary windings, with the result that 
the transmission line currents feeding the trans- 
former also change very sharply. The sudden 
jumps in currents Jz, Jp and J, produce rapid 
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3-phase 
Figure 23-14 source 


Dual 3-phase, 3-pulse rectifier. 


fluctuations in the magnetic field surrounding 
the transmission line. These fluctuations can in- 
duce substantial voltages and noise in nearby 
telephone lines. 

Owing to these drawbacks, we try to design 
rectifiers so that the line currents change more 
gradually and so that the transformer windings 
carry current for more than one-third of the 
time. This is done by using 3-phase, 6-pulse rec- 
tifiers. 


23-9 Three-phase, 6-pulse rectifier* 


Consider the circuit of Fig. 23-14 in which a trans- 
former T (identical to the one shown in Fig. 
23-12), supplies power to 6 diodes and their asso- 
ciated loads R,; and R». The upper set of diodes to- 
gether with inductor ZL, and load R, are identical 
to the 3-phase, 3-pulse rectifier we have just 
studied. Load current J, flows in the neutral line, 
as shown. The lower set of diodes, together with 
Ry, and Ly, also constitute a 3-phase, 3-pulse recti- 
fier. The corresponding load current J, flows in the 
neutral as shown. The two 3-phase rectifiers oper- 
ate quite independently of each other, K following 
the positive peaks of points 1, 2, 3, while A fol- 
lows the negative peaks. All diodes conduct during 
120° intervals. | 

If we make Ry = Ro, then J, = J, and the current 
in the neutral becomes zero. Consequently, we can 
remove the neutral conductor, yielding the circuit 


* Also called 3-phase bridge rectifier. 





of Fig. 23-15. The two loads and the two inductors 
are simply combined into one, shown as R and L, 
respectively. The 6 diodes constitute what is called 
a 3-phase, 6-pulse rectifier. It is called 6-pulse be- 
cause the currents flowing in the 6 diodes all start 
at different times. However, each diode still con- 
ducts for only 120°. 

The line currents supplied by the transformer 
are given by Kirchhoff’s law: 
I, = i,-Ug Ib = in- is I, = 13-U¢ 

They consist of identical ac pulses that are out 
of phase by 120° (Fig. 23-16). They flow for 2/3 
of the time in the secondary windings, with the re- 
sult that the utilization factor of the transformer 
rises to 95%. Consequently, a 100 kW dc load re- 
quires a transformer having a rating of only 
100/0.95 = 105 kVA. 

The average dc output voltage is twice that of a 
3-phase, 3-pulse rectifier, and its value is given by: 


Eg = 1.35EF (23-5) 
where 
Eg = average or dc voltage of a 6-pulse recti- 
fier [V] 


E = effective line voltage [V] 
1.35 = aconstant [exact value = 3\/2/7] 


It is much easier to visualize the shape of the 
output voltage Ex~, by using A as a reference 
point. Thus, in Fig. 23-17, we show the line volt- 
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Figure 23-15 S-phase 
source 


Three-phase, 6-pulse rectifier 
with inductive filter. 





0 ¥ 60 * : 180 ‘ : 300 E> 1.654 Ee. 





Figure 23-16 


Voltage and current wave- 
forms in Fig. 23-15. 
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L stores energy 


L releases energy 
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Figure 23-17. Another way of showing Ex, using line voltage potentials. 


ages rather than the line-to-neutral voltages used in 
Fig. 23-16. The level of K follows the tops of the 
successive sine waves. The output voltage fluctu- 
ates between 1.414 £ and 1.225 LE, where E& is the 
effective value of the line voltage.” The average 
value of Ex, is 1.35 £, as given by Eq. 23-5. 


The peak-to-peak ripple is only (1.414 - 1.225) ° 


E = 0.189 & and the fundamental ripple frequency 
is six times the line frequency. Consequently, the 
ripple is much easier to filter. In effect, we obtain 
good inductor filtering (peak-to-peak current ripple 
less than 5%) provided that: 


(23-6) 





Wi. = dcenergy stored in the inductor [J] 
dc power absorbed by the load [W] 
frequency of the source [Hz] 


a OY 
il 


Figure 23-17 shows that the inductor stores 
energy whenever the rectifier voltage exceeds the 
average value Ey. This energy is then released 
during the brief interval when the rectifier voltage 


/2 E = 1.414E; \/2 E cos 30 = 1.225 E. 


is less than Ey. 

The PIV across each diode is equal to the peak 
value of the line voltage, or \/2 E. 

The 3-phase, 6-pulse rectifier is a big improve- 
ment over the 3-phase, 3-pulse rectifier. It consti- 
tutes the basic building block of most large recti- 
fier installations. 


Another way of looking at the 3-phase bridge 
rectifier is to consider the diodes to be in a box 
(Fig. 23-18). The box is fed by three ac lines and it 
has two output terminals K and A. The diodes act 
like automatic switches that successively connect 
these terminals to the ac lines. The connections 
can be made in six distinct ways, as shown in Fig. 
23-18. It follows that the output voltage Ex, is 
composed of segments of the ac line voltages. This 
is why we draw line voltages in Fig. 23-17 instead 
of line-to-neutral voltages. 

Each dotted connection in Fig. 23-18 represents 
a diode that is conducting. The successive 60-degree 
intervals correspond to those in Fig. 23-17. Thus, 
in the interval from 300° to 360°, currents i, and 
is are flowing. Consequently, diodes D1 and D5 
are conducting. It follows from Fig. 23-15 that K 
is connected to line 1 while A is connected to line 


60° - 


120° - 





240° - 


300° - 


- 60° 


120° 


180° 
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2. These connections correspond exactly to those 
shown in Fig. 23-18f. 

Because the diode voltage drop is small, we can 
assume that each dotted line represents a loss-free 
connection. The dc power absorbed by the load 
must therefore be equal to the active power drawn 
from the 3-phase source. 


Example 23-4: 

A 3-phase bridge rectifier has to supply power to a 

360 kW, 240 V dc load. If a 600 V, 3-phase, 60 Hz 

feeder is available, calculate: 

a. power and voltage rating of the 3-phase trans- 
former; 

b. dc current per diode; 

. PIV across each diode; 

d. peak-to-peak ripple in the output voltage and 
its frequency. 


i?) 


Solution: 

Pac 
utilization factor 
360/0.95 = 378 kVA 
a.2 Secondary line voltage is: 

E = Eg/1.35 = 240/1.35 = 177 V 
Thus, a 3-phase, 378kVA_ transformer 
having a line voltage ratio of 600 V/177 V 
would be satisfactory. The primary and sec- 
ondary windings may be connected either in 
wye or in delta. 


a.1 Transformer rating 


1 dcload current = 360 kW/240 V = 1500A 
dc current per diode = 1500/3 = 500A 
3. peak current in each diode = 1500A 
PIV across each diode 

= /2E =1.414x177 = 250V 
d.1 The output voltage Ex, fluctuates between 
1.225 E and 1.414 E£ (Fig. 23-17). In other 
words, the voltage fluctuates between 

Bow, = 1.226% 177 = 217 
and 


oT oo 
NO 


Figure 23-18 Successive diode connections between the 
3-phase input and dc output terminals of 
a 3-phase, 6-pulse rectifier. 
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Emax = 1.414x 1.77 = 250 V 
The peak-to-peak ripple is therefore: ! 
Epeaktopeak = 250-217 = 33V 
d.2 Fundamental ripple frequency 
= 6x60 = 360 Hz 


Example 23-5: 

a. Calculate the inductance of the smoothing choke 
required in Example 23-4, if the peak-to-peak 
ripple in the current is not to exceed 5%. 

b. Does the presence of the choke modify the 
peak-to-peak ripple in the output voltage Ex a? 


Solution: 
a. Using Eq. 23-6, we have: 
W._ > 0.03 P/f 
> 0.03 x 360 000/60 
> 180 J 
Consequently, the inductor must store 180 J in 
its magnetic field. The inductance is found 
from: 
1 


= Lg? 
Wo= Li's 


180 = Sh (1500)? 


.L = 1.x 107 
= 0.16 mH 


b. No, the choke does not affect the voltage ripple. 


23-10 The thyristor* 


A thyristor may be considered to be a diode whose 
conduction can be controlled. Like a diode, a thy- 


ristor possesses an anode and a cathode, plus a 


third terminal called gate (Fig. 23-19). If the gate 
is connected to the cathode, the thyristor will not 
conduct, even if the anode is positivet. The thy- 
ristor is said to be blocked (Fig. 23-20a). To initi- 
ate conduction, two conditions have to be met: 


a. the anode must be positive; 
b. a current /g must flow into the gate for a few 
microseconds. In practice, the current is injected 


A 
anode 


gate 


cathode 
K 


Figure 23-19 Symbol of a thyristor or SCR. 


by applying a short, positive voltage pulse Eig to” 
the gate (Fig. 23-20b). 





(a) (b) 


Figure 23-20 a. A thyristor does not conduct when the 
gate and cathode are connected. 


b. A thyristor conducts when the anode is 
positive and a current pulse is injected 
into the gate. 


As soon as conduction starts, the gate loses all 
further control. Conduction will only stop when 
anode current J falls to zero, after which the gate 
again exerts control. 

Basically, a thyristor behaves the same way a di- 
ode does except that the gate enables us to initiate 
conduction precisely when we want it to. This 
seemingly slight advantage is actually of profound 


* Thyristor is a generic term that applies to all four-layer 
controllable semiconductor devices. However, we use 
it in this book to refer specifically to the reverse- 
blocking triode thyristor, commonly called SCR (semi- 
conductor controlled rectifier). This is in response to a 
seemingly general trend in the literature to use the 
terms SCR and thyristor interchangeably. 


tT Tosimplify the wording, we adopt the following terms: 
1. When the anode is positive with respect to the 
cathode, we simply say the anode is positive; 
2. When the gate is positive with respect to the cath- 
ode, we simply say the gate is positive. 
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TABLE 23B PROPERTIES OF SOME TYPICAL THYRISTORS 


relative Ty lee E, Ep Ic Eg T; d l 
power A A V V mA V re mm mm 
medium 8 60 500 - 10 50 20 105 11 30 
high 110 1 500 1200 -5 50 1.25 125 27 62 
very high 1200 10 000 1200 - 20 50 1.5 125 58 2/ 
I, - maximum effective current during conduction d - diameter 
Icy - peak value of surge current for 1 cycle I - length 


EF’, - peak inverse anode voltage 

Ep - peak inverse gate voltage 

E’g&- positive gate voltage to initiate conduction 
Ig - gate current corresponding to Fc 


Ty - maximum junction temperature 





(b) 


(a) (c) 





Figure 23-21 Range of SCRs from medium to very high power capacity. 
a. Average current: 50 A; voltage: 400 V; length less thread: 31 mm; diameter: 17 mm. 
b. Average current: 285 A; voltage: 1200 V; length less thread: 244 mm; diameter: 37 mm. 


c. Average current: 1000 A; voltage: 1200 V; distance between pole faces: 27 mm; overall diameter: 73 mm. (Photos 
courtesy of International Rectifier) 
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importance. It enables us not only to convert ac 
power into dc power, but also to do the reverse: 
convert dc power into ac power. Thanks to the de- 
velopment of reliable SCRs we are witnessing a 
fundamental change in the control of large blocks 
of power. Table 23B lists some of the properties of 
typical thyristors. See also Fig. 23-21. 


23-11 Principles of gate firing 


Consider Fig. 23-22a in which a thyristor and a re- 
sistor are connected in series across an ac source. A 
number of short positive pulses Eg is applied to the 
gate, of sufficient amplitude to initiate conduction. 
These pulses may be generated by a manual switch 
or by a special electronic control circuit. 

Referring to Fig. 23-22b, the gate pulses occur 
at angles 0,, 02, 03, 84 and 05. Table 23C explains 
how the circutt reacts to these pulses. 


To sum up, we can control the current in an ac 
circuit by delaying the gate pulses with respect to 
the start of each positive half-cycle. If the pulses 
occur at the beginning of each half-cycle, conduc- 
tion lasts for 180°, and the thyristor behaves like 
an ordinary diode. On the other hand, if the pulses 
are delayed, say by 150°, current only flows during 
the remaining 30° of each half-cycle. 


23-12 Power gain of a thyristor 


When a voltage pulse is applied to the gate, a cer- 
tain gate current flows. Because the pulses last 
only a few microseconds, the average power sup- 
plied to the gate is very small, compared to the av- 
erage power supplied to the load. The ratio of the 
two powers, called power gain, may exceed one 
million. Thus, a gate input of only 1W may con- 
trol a load of 1000 kW. 

An SCR does not, of course, have the magical 
property of turning one watt into a million watts. 
The large power actually comes from an appropri- 
ate power source, and the SCR only serves to con- 
tro/ the power flow. Thus, in the same way that a 
small power input to the accelerator of an auto- 
mobile produces a tremendous increase in motive 





power, so does a small input to the gate of an SCR 
produce a tremendous increase in electrical power. 


23-13 Current interruption 
and forced commutation 


A thyristor ceases to conduct and the gate regains 
control only after the anode current falls to zero. 
The current may cease flowing quite naturally (as 
it did in Fig. 23-22) or we can force it to zero arti- 
ficially. Such forced commutation is required on 
some circuits where the anode current has to be 
interrupted at a specific instant. 





Figure 23-23 a. Thyristor connected to a dc source. 


b. Forced commutation. 


Consider Fig. 23-23a in which a thyristor and a 
resistor are connected in series across a dc source 
FE. \f we apply a single positive pulse to the gate, 
the resulting dc load current J; will flow indefi- 
nitely. However, we can stop conduction in the 
SCR in one of 3 ways: 

1. momentarily reduce the supply voltage £ to 
zero; 

2. open the load circuit by means of a switch; 

3. force the anode current to zero for a brief peri- 
od. 

The first two solutions are trivial, so let us ex- 
amine the third method. In Fig. 23-23b, a current 
source C delivering a current J, is connected in par- 
allel with thyristor Q1. As we increase /,, the net 
current (/, - [,) flowing in the thyristor decreases. 
However, the thyristor continues to conduct, with 
the result that the current flowing in the resistor is 
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(a) (b) 


Figure 23-22. a. Thyristor connected to an ac source. b. Thyristor behavior depends on the timing of the gate pulses 
(see description below). 


TABLE 23C DESCRIPTION OF THYRISTOR BEHAVIOR (see Fig. 23-22) 
angle or ; PRIaeS ; 
‘ Explanation of circuit operation 
time interval 
zero to 0, Although the anode is positive, conduction is impossible because the gate voltage is zero. 
The thyristor behaves like an open switch. 
angle 0, Conduction starts because both the anode and gate are positive. 
@, to 180° Conduction continues even though the gate voltage has fallen to zero. Gate pulses have no 
further effect once the thyristor conducts. The anode to cathode voltage drop Is less than 
1.5 V; consequently, we can consider that the anode and cathode are shorted. The thy- 
ristor behaves like a closed switch. 
angle 180° The thyristor current is zero, conduction ceases and the gate regains control. 


180° to 360° Conduction is impossible because the anode is negative. Although the gate is triggered at 
angle 05, it produces no effect. The thyristor experiences an inverse voltage during this 
half cycle. 


360° to 540° Conduction starts at 63 and ceases again as soon as the current is zero. The gate pulse is 
delayed more than during the first positive half-cycle. Consequently, the anode current 
flows for a shorter time. 


720° to 900° Conduction starts at angle 65, but the resulting anode current is very small because of the 
long delay in firing the gate. 
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unchanged. But, if we increase /, until it is equal 
to J,, the thyristor ceases to conduct, and the gate 
regains control. In practice, /, is a brief current 
pulse, usually supplied by triggering a second thy- 
ristor. For example, in Fig. 23-24, a capacitor, ini- 
tially charged as shown, is suddenly discharged by 
triggering the gate of thyristor Q2. Discharge cur- 





Figure 23-24 A discharging capacitor can force-commu- 
tate a thyristor. 


rent f, immediately cancels the current in Q1; 
consequently, it stops conducting. Current now 
flows through resistor R, capacitor C, and thy- 
ristor Q2. The capacitor quickly charges up and 
when its voltage is close to £, the charging current 
becomes so small that Q2 also stops conducting. 
Thus, current ceases to flow in the load shortly 
after Q2 is triggered. 

This type of forced commutation, using a com- 
mutating capacitor, is employed in some convert- 
ers” that generate their own frequency. 


23-14 Basic thyristor power circuits 


Thyristors are used in many different ways. How- 
ever, in power electronics, seven basic circuits cov- 
er about 90 percent of all industrial applications. 
These circuits, and some of their applications, are 
listed in Table 23D. 


* A converter is any device that converts power of one 
frequency into power of another frequency. A con- 
verter may be a rectifier, an inverter, a cycloconverter 
or even a rotating machine. 


To explain the principle of operation of these 
basic circuits, we shall use single-phase sources. In 
practice, 3-phase sources are mainly used, but 
single-phase examples are less complex, and they 
enable us to focus attention on the essential prin- 
ciples involved. 


23-15 Controlled rectifier 
supplying a passive load (Circuit 1) 


Figure 23-25a shows a resistive load and a thyristor 
connected in series across a single-phase source. 
The source produces a sinusoidal voltage having a 
peak value /,,. The gate pulses are synchronized 
with the line frequency and, in our example, they 
are delayed by an angle of 90°. Conduction is 
therefore initiated every time the ac voltage reaches 
its maximum positive value. Based upon explana- 
tions given in Sec. 23-10, it is obvious that current 
will flow for 90°. 





Figure 23-25 a. SCR supplying a passive load. 


In Fig. 23-25b, the current “‘lags’’ behind the 
voltage because it only flows during the final 90 
degrees. This lag produces the same effect as an in- 
ductive load. Consequently, the ac source has to 
supply reactive power Q in addition to the active 
power P (see Sec. 8-12). The power factor de- 
creases as we delay the triggering pulse. On the 
other hand, if the SCR is triggered at zero degrees, 
no reactive power is absorbed by the rectifier. 


TABLE 23D 
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Thyristor circuit 


Controlled rectifier supplying a passive load 


Controlled rectifier supplying an active load 
Naturally commutated inverter supplying 
an active ac load 

AC electronic contactor 


Cycloconverter 


Self-commutated inverter 


DC chopper 





SOME BASIC THYRISTOR POWER CIRCUITS 





Typical applications 





Electroplating, dc arc welding, electrolysis 


Battery charger, dc motor control, dc transmis- 
sion line 


DC motor control, wound-rotor motor speed 
control, dc transmission line 


Spot welding, lighting control, ac motor speed 
control 


Low-speed synchronous motor control, electro- 
slag refining of metals 


Induction motor control, portable ac sources 


Electric traction 





aa 
terminal(1) chosen 


as reference 





terminal(K) chosen 
as reference 


Figure 23-25 b. Voltage and current waveforms. 
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23-16 Controlled rectifier 
supplying an active load (Circuit 2) 


Figure 23-26 shows an ac source Em and a dc load 
f'g connected by an SCR in series with an induc- 
tor. The load (represented by a battery), receives 
energy because current / enters the positive termi- 
nal. Smoothing inductor Z limits the peak current 
to a value within the SCR rating. Gate pulses Eg 
initiate conduction at angle 0, (Fig. 23-26b). 


(a) 








potential levels 






Figure 23-26 a. SCR supplying an active load. 


b. Voltage and current waveforms. 


If the SCR were replaced by a diode, conduc- 
tion would begin at angle @9 because this is the in- 
stant when the anode becomes positive. However, 
in our example, conduction only begins after a de- 
lay of @ degrees. As soon as conduction starts, 


point K jumps to the level of point A, and voltage 
EAs appears across the inductor. The latter begins 
storing volt-seconds, and current / increases ac- 
cordingly. The volt-seconds reach a maximum at 
>, where area A+ is maximum. The corresponding 
peak current is given by: 


Imax = A+/L 


The current then gradually decreases and becomes 
zero at angle 03 where A- is equal to A+. As soon 
as conduction stops, point K jumps to the level of 
point 2 and stays there until the next gate pulse. 

As in circuit 1 (Fig. 23-25), the load current lags 
behind voltage E,,; consequently, the source again 
has to supply reactive power QO as well as active 
power P. 

If we reduce the firing angle a, area A+ in- 
creases, and so does current /. We can therefore 
vary the active power supplied to the load from 
zero (a = a) to a maximum (a = 0). 

From a practical point of view, the circuit could 
be used as a variable battery charger. Another ap- 
plication is to control the speed and torque of a dc 
motor. In this case, Eg represents the counter emf 
of the armature, and Z the armature inductance. 


Eq. 7-11 


23-17 Naturally commutated inverter (Circuit 3) 


An inverter, by definition, changes dc power into 

ac power. It performs the reverse operation of a 

rectifier, which converts ac power into dc power. 

There are two main types of inverters: 

1. self-commutated inverters (or oscillators) in 
which the commutation elements are included 
within the power inverter; 

2. externally commutated inverters (or naturally 
commutated inverters) in which the means of 
commutation is not included within the power 
inverter. 

In this section, we examine the operating prin- 
ciple of a naturally commutated inverter. The cir- 
cuit of such an inverter is identical to that of a 
controlled rectifier, except that the thyristor ter- 
minals are reversed (Fig. 23-27). Because current 
can only flow from anode to cathode, the dc source 
Eg delivers power whenever the thyristor conducts. 
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potential levels 


Figure 23-27 a. Naturally-commutated inverter. 


b. Voltage and current waveforms. 


On the other hand, this power must be absorbed 
by the ac terminals because no losses occur in the 
inductor or the thyristor. Consequently, the cir- 
cuit of Fig. 23-27 is potentially able to convert dc 
power into ac power. 

To achieve this power conversion, the thyristor 
has to be triggered within a precisely defined range. 
First, the current must flow into the ac terminals 
only during those intervals when K is positive with 
respect to 1. Only then does the ac system act as a 
load (Sec. 2-2). Second, to initiate conduction, A 
must be positive with respect to K. The triggering 
pulse must therefore be applied either prior to 69 
or after 03 (Figs. 23-27b and 23-27c). For reasons 
that will soon become obvious, the gate must be 
triggered prior to 9. In effect, the firing angle is 






“‘advanced’’ ahead of 0, by 6 degrees. The enlarged 
view of the conduction zone (Fig. 23-27c), shows 
that the resulting current reaches a peak at 64 
where area A+ is maximum. It then falls to zero 
and conduction stops at 0,, when A- = A+. The 
current peaks lead the voltage peaks but because 
current flows into the positive terminal, the source 
still has to supply reactive power Q to the inverter 






— 
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(c) 


Figure 23-27. c. Enlarged view of the current-carrying 
interval. 


(Sec. 8-5, rule 3). Consequently, P and Q flow in 
opposite directions in an inverter. 

To increase the active power flow, we simply 
advance the triggering angle 6. However, we cannot 
carry this process too far. In order for conduction 
to cease, A- must equal A+. However, the maxi- 
mum area that A- can have is that bounded by the 
crest of the sine wave and the level of point 2 (Fig. 
23-27c). As we advance the firing angle, A+ be- 
comes bigger and bigger; but if it should exceed 
the maximum available value of A-, conduction 
will never stop. The dc current will then build up 
with each cycle, until the circuit breakers trip. For 
the same reason, conduction must never be ini- 
tiated after angle 03. 

The current flowing into the ac terminals is far 
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from sinusoidal and a stiff ac system is needed to 
maintain a sinusoidal voltage. In practice, we add 
appropriate filters to ensure that the current 
flowing into the ac line is reasonable sinusoidal. 
We should also remember that naturally commu- 
tated inverters always involve 3-phase systems and 
not the “simple” single-phase circuit of Fig. 23-27. 


23-18 AC electronic contactor (Circuit 4) 
An ac electronic contactor is composed of two 
thyristors connected in anti-parallel (back-to-back), 


so that current can flow in both directions. Thus, 
in Fig. 23-28, a symmetrical ac current flows 


(a) 


(b) 






potential levels 


Figure 23-28 a. Electronic contactor. 


b. Waveforms with a resistive load. 


through load resistor R. Gate pulses g1 and g2 are 
synchronized with the line frequency and, depend- 
ing on the firing angle a, a greater or lesser ac cur- 
rent will flow in the load. 

An important advantage of this contactor is 
that the ac current can be precisely controlled. 
Furthermore, in contrast to a magnetic contactor, 
an electronic contactor is absolutely silent and its 
“contacts’’ never wear out. 





Figure 23-28 c. 


Single-phase water-cooled contactor composed of two 
Hockey Puk thyristors. Continuous current rating: 
1200 A (RMS) at 2000 V; cooling water requirements: 
4.5 L/min at 35°C max. For intermittent (10% duty) spot 


welding applications, this unit can handle 2140 A for 20. 
cycles. Width: 175 mm; length: 278 mm; depth: 114 mm. 
(Photo courtesy of International Rectifier) 


23-19 Cycloconverter (Circuit 5) 


A cycloconverter produces low-frequency ac pow- 
er directly from a higher-frequency ac source. Re- 
ferring to Fig. 23-29, three groups of thyristors, 
mounted back-to-back, are connected to a 3-phase 
source. They supply single-phase power to a resis- 
tive load R. 

To understand the operation of the circuit, sup- 
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te 
_—__ 
Figure 23-29 
Elementary I, 
ed 
cycloconverter. 
I, 
—_—_> 


1 cycle-————___> 


Figure 23-30 


T 
s of sve 


1.5 cycle 





source (540°) 


Typical voltage output of a 
cycloconverter. 


pose all thyristors are initially blocked (noncon- 
ducting). Then, for an interval 7’, the gates of thy- 
ristors Q1, O2 and O3 are triggered by 4 successive 
pulses g1, g2, g3, g1, so that the thyristors func- 
tion as ordinary diodes. As a result, terminal 4 is 
positive with respect to N (Fig. 23-30). During the 
next interval 7, thyristors 04, O5, OG, are fired by 
A similar pulses 94, g5, g6, g4. This makes terminal 
4 negative with respect to N. The process is then 
repeated for the Q1 to Q3 thyristors, and so on, 
with the result that a low-frequency ac voltage ap- 
pears across the load. The duration of 1 cycle is 
2T seconds. Compared to a sine wave, the low- 
frequency waveshape is rather poor. However, this 
is of secondary importance because means are avail- 
able to improve it. 


g1 g2 g3 g1 g4 g5 g6 g4 gi g2 g3 gl g4 gd 


__ voltage pulses applied 
to the respective gates 


Referring to Fig. 23-30 and assuming a 60 Hz 
source, we can show that each half-cycle corre- 
sponds to 540°, on a 60 Hz base. The duration of 
T is therefore (540/360) x (1/60) = 0.025 s, which 
corresponds to a frequency of 20 Hz. 

Obviously, by repeating the firing sequence g1, 
g2, 93, gl, , we can keep terminal 4 positive 
for as long as we wish, followed by an equally long 
negative period, where g4, g5, g6, 94... are fired. 
In this way, we can generate frequencies as low as 
we please. The high end of the frequency spectrum 
is limited to about 40 percent of the supply fre- 
quency. The reader should also note that the cy- 
cloconverter can supply a single-phase load from a 
3-phase system, without unbalancing the 3-phase 
lines. 
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23-20 Self-commutated inverter (Circuit 6) 


A self-commutated inverter changes dc power into 
ac power. There are many types of self-commu- 
tated inverters, but all are based on forced commu- 
tation. The output frequency may be as high as 
20 kHz, depending on the switching capability of 
the thyristors. The load may be passive, such as a 
resistor or inductor, or active, such as an ac motor. 

As an example of a simple self-commutated in- 
verter, consider the circuit of Fig. 23-31. It con- 





Figure 23-31 Typical self-commutated inverter. 


sists of the following components: 

1. de source £; 

2. thyristors O1 and Q2; 

3. smoothing inductor ZL to maintain a constant 
source current; 

4. commutating capacitor C; 

5. transformer having two primaries T,; and T, and 
one secondary T3; 

6. load R; 

7. external control system (not shown) that trig- 
gers gates g1 and g2, to obtain the desired out- 
put frequency. 

To understand how the inverter operates, sup- 
pose that initially Q17 is conducting and Q2 is 
blocked. Current J; is flowing in primary T, and 
capacitor C’ is fully charged with polarities as 
shown in Fig. 23-32a. This condition is stable until 


(a) 


(b) 





(c) 





Figure 23-32 Commutating sequence in a self-commu- 
tated inverter. 
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we apply a pulse to gate g2, initiating conduction 
in Q2. As soon as Q2 conducts, the level of point 4 
drops to point 1. Simultaneously, the capacitor 
discharges, producing a commutating current /, 
that flows opposite to J, (Fig. 23-32b). This cur- 
rent rises very fast and as soon as /, = /;, the cur- 
rent in Q1 becomes zero whereupon it acts like an 
open switch (Fig. 23-32c). 

With Q1 blocked, the capacitor charges up rap- 
idly via primary T4; consequently, terminal 3 
quickly becomes positive with respect to terminal 
4. As charging current J, decreases in winding T,, 
current /, builds up in winding Tz. When condi- 
tions stabilize, T, carries the same current as T, car- 
ried before. 

The next pulse initiates conduction in Q1, 
causing the level of point 3 to drop to point 1. The 
Capacitor again discharges, thus blocking Q2 and 
bringing us back to the starting point (Fig. 23-32a). 
In effect, the alternate gate pulses transfer conduc- 
tion from one thyristor to the other, owing to the 
presence of commutating capacitor C. 

With regard to the transformer, when Q1 con- 
ducts, primary current J, induces a secondary cur- 
rent [,. Based on the polarity marks, J, must flow 
in the direction shown. Similarly, when Q2 con- 
ducts, primary current /, induces a secondary cur- 
rent Jp. The result is that secondary currents J, and 
Ip are equal, but flow in opposite directions. Con- 
sequently, load R carries an alternating current. 

To change the inverter frequency, we simply 
vary the frequency of the gate pulses. In this way, 
we can generate frequencies ranging from 4 Hz to 
5000 Hz, depending on the design of the trans- 
former and the properties of the SCRs. 


23-21 DC chopper (Circuit 7) 


In some electronic circuits, power has to be trans- 
ferred from a high-voltage dc source &, to a lower- 
voltage dc load £9. One solution is to connect the 
source and load by a resistor, as shown in Fig. 
23-33. However, the large /7R loss renders this so- 
lution inefficient, unless the two voltages are near- 
ly equal. Another solution is to connect an induc- 





Figure 23-33 Inefficient power transfer. 





Figure 23-34 Energy transfer using an inductor. 


(E; - Eo) 





Figure 23-35 Energy is stored in the inductor. 


tor and a switch between the source and load (Fig. 
23-34). In order to follow the transfer of energy, 
assume the switch closes for a time 73. During this 
interval, the voltage across the inductor is £, - Fo, 
as shown in Fig. 23-35. The inductor accumulates 
volt-seconds, and the resulting current 7 increases 
at a constant rate. At time 7, (when the switch is 
about to open), the current is: 


I, = At/L = (Eg - Eo) Ta/L (23-7) 


The corresponding energy stored in the inductor is: 
Lie Eq. 7-12 
When the switch opens, the current collapses 


and all the stored energy is dissipated in the arc 
across the switch. At the same time, a very high 
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Figure 23-36 Energy is dissipated in the arc. 


voltage @, is induced across the inductor. The po- 
larity of this voltage is opposite to what it was 
when the current was increasing (Fig. 23-36). 

Although some energy is transferred from £; to 
E’9 while the switch is closed, there is a great loss 
of energy every time the switch opens. The effi- 
ciency is therefore poor. 

We can prevent this energy loss by adding a di- 
ode to the circuit as shown in Fig. 23-37. When 
the switch opens, current 7 again begins to fall, in- 
ducing a voltage e,. However, e€, cannot jump to 
the high value it had before because as soon as it 
exceeds /o,-the diode begins to conduct. Assuming 
the diode voltage drop is negligible, it follows that 





—— Ip 












Eo repeat 
the cycle 
[3 Tp 


Figure 23-38 EF and/J in the inductor of Fig. 23-37. 


€, = Eo. Because Ey is constant, current i falls at a 
uniform rate, and eventually becomes zero after a 
time 7,” (Fig. 23-38). 

When the current is zero, the inductor will have 
supplied all its energy to load £». Simultaneously, 
the diode will cease to conduct. We can therefore 
reclose the switch for another interval 7, and re- 
peat the cycle indefinitely. Consequently, this cir- 
cuit enables us to transfer energy from a high-volt- 
age dc source to a lower voltage dc load without 
incurring any losses. In effect, the inductor absorbs 
energy at arelatively high voltage (£, - £9) and de- 
livers it at a lower voltage E'o. 

Instead of letting the load current swing be- 
tween zero and Jz, we can open and close the 
switch rapidly so that the current increases and de- 
creases by small increments. Referring to Fig. 
23-39a, the switch is closed for an interval T, and 
open during an interval Zp}. When the switch is 
open, the load current falls from an initial value J, 
to a final value J). During this interval, current 
flows in the inductor, the load and the so-called 
free-wheeling diode. No current is supplied by the 
source during this interval. 

When the current has fallen to a value /p, the 
switch recloses. The current in the diode immedi- 
ately stops flowing, and the source now supplies 
current /p. The current builds up and when it 
reaches the value /,, the switch suddenly reopens. 
The free-wheeling diode again comes into play and 
the cycle repeats. The current supplied to the load 
oscillates therefore between /, and Jp (Fig. 23-39b). 
Its average or dc value is obviously given by: 


Io= (Ul, +Ip)/2 (23-9) 
On the other hand, the current supplied by the 
source is composed of a series of sharp pulses, as 


* We can calculate 7;, because the volt seconds accumu- 


lated during the “charging” period 7, must equal the 
volt seconds released during the ‘‘discharge’’ interval 
T,,. Referring to Fig. 23-38, we have: 


V.s during charge period = V.s during discharge period 


(E,-E,) Ts, =EoT 
Consequently, Ty =(E, - £,) Ts/E, (23-8) 
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(a) 


Figure 23-39 a. Currents in a chopper circuit. 





+1 Tai —Ty— > iT ai Te 
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(b) 

Figure 23-39 bb. Current in the load. 





Figure 23-39 c. Current drawn from the source. 


shown in Fig. 23-39c. What is the average value of 
these pulses? It is easily found by noting that the 
average current during each pulse is obviously 
(I, + Ip)/2 = a Consequently, the average current 
I, during one cycle (time 7) is: 

I, = Ip (T/T) 


where : 


I, = dc current drawn from the source [A] 

Io = de current absorbed by the load [A] 

T= time during which the switch is closed [s] 
T = duration of one cycle [s] 

f = switching frequency (= 1/7) [Hz] 


that is 
(23-10) 


The circuit of Fig. 23-39a clearly shows the cur- 


rent waveshapes in the source, the load, and the di- 
ode. Although the waveshapes are choppy and dis- 
continuous, they still obey Kirchhoff’s current law, 
instant by instant. 


Example 23-6: 

The switch in Fig. 23-39a opens and closes at a fre- 

quency of 20 Hz and remains closed for 4 ms per 

cycle. A dc ammeter connected in series with the 

load £9 indicates a current of 50 A. 

a. If a dc ammeter is connected in se;ies with the 
source, what current will it indicate? 

b. What is the average current per pulse? 


Solution: 
a. Using Eq. 23-10, we have: 
I; = IpfTa 
= 50x 20 x 0.004 
= 4A 


b. The average current per pulse is 50A. The 
source may have to be specially designed to 
supply such a high current pulse. In most cases, 
a Capacitor is connected across the terminals of 
the source. It can readily furnish the high cur- 
rent pulses as it discharges. 


Turning our attention to the power aspects, the 
dc power drawn from the source must equal the dc 
power absorbed by the load because there is no 
power loss in either the switch, the inductor or the 
free-wheeling diode. We can therefore write: 


Esl = Eolo 


If we substitute Eq. 23-10 in the above equation, 
we obtain the useful relationship: 


| Eo = EsfTa | 
where 


E)= dc voltage across the load [V] 
E, = dc voltage of the source [V] 
f = switching frequency [Hz] 
T,= “on” time of the switch [s] 


(23-11) 


Equations 23-10 and 23-11 indicate that we can 
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control the load voltage and current by varying the 
switching frequency f or the “on” time 73, or both. 

In practice, the mechanical switch is replaced 
by a thyristor that is turned on and off at a fre- 
quency f. The frequency may range from 30 Hz to 
2000 Hz. Forced commutation is used to turn the 
thyristor off at the end of each cycle. The combi- 
nation of the thyristor, inductor and diode is 
called a dc chopper. |t is widely used in electric 
trains and trolleybuses and wherever dc-to-dc ener- 
gy conversion is needed. 


Example 23-7: 

We wish to charge a 120 V battery from a 600 V 
dc source using a dc chopper. The average battery 
current should be 20 A, with a peak-to-peak ripple 
of 2A. If the chopper ‘‘on’”’ time is fixed at 1 ms, 
calculate: 

a. the dc current drawn from the source; 

b. the dc current in the diode; 

c. the chopper frequency; 

d. the value of the inductor. 





Figure 23-40 a. Circuit of Example 23-7. 


b. Current in the load. 


Solution: 

The circuit diagram is shown in Fig. 23-40a and 
the desired battery current is given in Fig. 23-40b. 
It fluctuates between 19A and 21A, thus yielding 
an average of 20A with a peak-to-peak ripple of 
2A. 


a. 1 The power supplied to the battery is: 
P = 120x 20 = 2400 W 
a.2 The power supplied by the source is there- 
fore 2400 W. 
a.3 The dc current from the source is: 
I; = 2400/600 = 4A 
b. To calculate the average current in the diode, 
we refer to Fig. 23-40a. Current Jo is 20A 
and J; was found to be 4A. By applying 
Kirchhoff’s current law to the diode-inductor 
junction, it is obvious that the diode current 
is: 


Ip = Io-Ts 
= 20-4 
= 16A 
c.1 We have £'5=120 V, &, 600 V, and T, = 1 ms 
EBo= FE fTa Eq. 23-12 
120 = 600 / (0.001) 
f = 200 


The chopper frequency is therefore 200 Hz. 
T = 1/f = 1/200 = 5ms 


(c) 


(d) 





Figure 23-40 c. Current drawn from the source. 


d. Current in the freewheeling diode. 


Consequently, we also find that the ‘off’ 
time 7p is: 

Tp= T-T, = 5-1 = 4ms 
The waveshapes of J, and Jp are shown in 
Figs. 23-40c and 23-40d, respectively. Note 
the sharp pulses delivered by the source. 
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d.1 During interval 7, the voltage across the in- 
ductor is (600 - 120) = 480 V. 

d.2 The volt-seconds accumulated by the induc- 
tor during this interval is 480 x 1ms = 
480 mV-s. The change in current during the 
interval = (21-19) =2A. 


I = AjL Eq. 1-24 
2 = 048/L 
L = 0.24H 


Consequently, the inductor has to have an 
inductance of 0.24 H. 


So far, we have assumed the chopper feeds 
power to an active load £9. However, it may also 
be used to connect a high-voltage dc source F, to a 
low-voltage load resistor Ro (Fig. 23-41). Equations 
23-10 and 23-11 still apply, but we now have the 
additional relationship ko = /pRo. Furthermore, 
the apparent dc resistance R, across the terminals 
of the source is given by 


R, = E/T; 
We can therefore write 
Ro= Eo/Io 
= E fT, x (fTa/Is) 
= (Es/Is) f’Ta” 
- Ss ial 


Consequently, 
R, = Ro lf'T a 


Rs= apparent dc resistance across the source 
[QQ] 

Ro=_ actual load resistance [2] 

f = chopper frequency [Hz] 

T,= “‘on’ time [s] 


(23-12) 


The chopper, therefore, has the ability to change 
the apparent resistance of a fixed resistor by simply 
varying either the chopper frequency or the ‘‘on” 
time. 





Figure 23-41 


A chopper can make a fixed resistor R, ap- 
pear as a variable resistance between termi- 
nals 1-2. 


Example 23-8: 
The chopper in Fig. 23-41 operates at a frequency 


‘of 30 Hz and the “on” time is 200 us. Calculate 


the apparent resistance across the source, knowing 
that Ro = 36 m2. 


Solution: 
Applying Equation 23-12, we have: 
Rs = Ro/f’Ta° 
0.036/307 x (200 x 10°)? 
1000 {2 
This example shows that the actual value of a resis- 
tor can be increased many times by using a chop- 
per. 


23-22 3-phase, 6-pulse converter 


The 3-phase, 6-pulse thyristor converter is the 
most widely used rectifier/inverter unit in power 
electronics. Owing to its practical importance, we 
shall explain how it operates in some detail. As in 
3-phase converters, the waveforms become rather 
complex, although not particularly difficult to un- 
derstand. Even the simplest circuits yield chopped 
voltages and currents that pile on top of each 
other, and it taxes the mind to keep track of every- 
thing that is going on. Consequently, in the en- 
suing text we shall keep the waveforms as simple 
as possible, so as to highlight the basic principle of 
operation. 

Three-phase, 6-pulse converters have 6 thy- 
ristors Connected to the secondaries of a 3-phase 
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3-phase 
line 





Figure 23-42 Three-phase, 6-pulse thyristor converter. 


transformer (Fig. 23-42). The arrangement is iden- 
tical to the rectifier circuit of Fig. 23-15, except 
that the diodes are replaced by thyristors. Because 
we can initiate conduction whenever we please, 
the thyristors enable us to vary the dc output volt- 
age when the converter operates in the rectifier 
mode. The converter can also function as an in- 
verter, provided that a dc source is used in place of 
the load resistor R. 


23-23 Basic principle of operation 


We can gain a basic understanding of how the con- 
verter works by referring to Fig. 23-43. In this fig- 
ure, the SCRs are assumed to be enclosed in a box, 
where they successively switch the output termi- 
nals K, A to the ac lines 1, 2, 3. The load is repre- 
sented by a resistor in series with an inductor L. 
The inductor is assumed to have a very large induc- 
tance, so that the load current /g remains constant. 
In Fig. 23-43a, the two thyristors between termi- 
nals K-1 and A-2 are conducting. A moment later, 
the thyristors between K-2 and A-1 conduct (Fig. 
23-436). The other thyristors are similarly 
switched, in sequence. When these steps have been 
completed, the entire switching cycle repeats. The 
reader will note that the dc current Jy also flows in 


the ac lines. However, the current in each line re- 
verses periodically, and so it is a true ac current of 
amplitude Jy. It is also evident that the current in a 
particular line is zero for brief intervals. 

The sequence we have just described is similar 
to that of the diode bridge rectifier of Fig. 23-18. 
There is, however, an important difference. The 
thyristors can be made to conduct at precise mo- 
ments on the ac voltage cycle. Thus, conduction 
can be initiated when the instantaneous voltage 
between the ac lines is either high or low. If the 
voltage is low, the dc output voltage will obvious- 
ly be low. Conversely, if the thyristors conduct 
when the ac line voltage is momentarily near its 
peak, the dc output voltage will be high. In effect, 
the output voltage Ex a is composed of short seg- 
ments of the ac line voltage. The average value of 
Exa is the de output voltage Ey. 

In examining Fig. 23-43, it can be seen that the 
line current always flows out of a line that is mo- 
mentarily positive. This must be so because the 
line delivers active power to the load. 

Now that we know how the thyristor converter 
behaves as a rectifier, the question arises: how can 
it be made to operate as an inverter? Three basic 
conditions have to be met. 

First, we must have a source of dc current Iq. Ut 
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Figure 23-43 Rectifier mode (see Fig. 23-42) 
a. Qi and Q5 conducting. 


b. Q2 and Q4 conducting. 


can be provided by a voltage source £’ in series 
with a large inductance (Fig. 23-44a). 

Second, the converter must be connected to a 
3-phase line that can maintain an undistorted sinu- 
soidal voltage, even when the line current is nonsi- 
nusoidal. The voltage may be taken from a power 
utility, or generated by a local alternator. 

Third, the thyristors must be switched so that 
current /y flows into an ac line that is momentari- 
ly positive. The gate firing must therefore be pre- 
cisely synchronized with the line frequency. 

The inverter operation can best be understood 
by referring to Fig. 23-44. The SCRs enclosed in 
the box are arranged the same way as in Fig. 23-43. 
In other words, the converters in the two figures 
are absolutely identical. Looking first at the dc 
side, the dc current J/g must flow in the same direc- 
tion as before because SCRs cannot conduct in re- 
verse. On the other hand, because we want the dc 
source to deliver power, /y must flow out of the 
positive terminal, as shown. In other words, the 
positive side of &g must be connected to terminal 
A. On the ac side, the 3-phase line is simply con- 
nected to terminals 1, 2, 3. 


3-phase 
line 








Figure 23-44 Inverter mode (see Fig. 23-42) 
a. Q1 and Q5 conducting. 


b. Q2 and O4 conducting. 


We are now ready to fire the thyristors. How- 
ever, the firing must be properly timed so that the 
ac line receives power. This is consistently done in 
Fig. 23-44 because current /y always flows into an 
ac terminal that is momentarily positive. Note that 
the line polarities in the inverter mode are consis- 
tently opposite to those in the rectifier mode. 

The reader can see that the line current alter- 
nates as before, and it has a peak value equal to J/g. 
Indeed, the waveshape of the ac line currents is the 
same in Figs. 23-43 and 23-44; it is only the in- 
stantaneous voltages that differ. 

If the dc supply voltage £9 is low, the thyristors 
must be fired when the instantaneous ac voltage is 
low. Conversely, if the dc voltage is high, the thy- 
ristors must be triggered when the ac line voltage is 
at or near its peak. 

We wish to make one final important observa- 
tion. The voltage that appears between terminals 
K and A is composed of segments of the ac line 
voltages. Consequently, Ax, is a fluctuating volt- 
age whose average value is Ey. This average volt- 
age must be equal to Eg because the dc voltage 
drop across the inductor is negligible. 
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23-24 Three-phase, 6-pulse converter 


Consider the circuit of Fig. 23-45 in which a 3- 
phase, 6-pulse converter supplies power to a load. 
The load is composed of a dc voltage Ey and a re- 
sistor R, in series with a smoothing inductor. The 
converter is fed from a 3-phase transformer. The 
gates of thyristors Q1 to Q6 are triggered in suc- 
cession, at 60-degree intervals. We assume that the 
converter has been in operation for some time, so 
that conditions are stable. Initially, thyristors Q5 
and QO6 are conducting, carrying load current [yg 
(Fig. 23-46). Then, at the O° point (09), thyristor 
Q1 is triggered by gate pulse g1. Commutation oc- 
curs and Q1 starts conducting, taking over from 
QO5. 

At 60°, thyristor Q2 is fired and the resulting 
commutation transfers the load current from Q6 
to Q2. This switching process continues indefinite- 
ly and, as in Fig. 23-17, point K follows the peaks 
of the successive waves. The thyristors are labelled 
according to the order in which they are fired. 
Two SCR’s conduct at a time; the conduction 
pairs are therefore Q1 - Q2, O2 - Q3, Q3 - O4, and 
so on. Thus, by referring to Fig. 23-45, we can tell 
at a glance which thyristors are conducting at any 
given time. 

The converter acts as a rectifier and the average 
or dc voltage between K and A is Ey = 1.35 E. Be- 
cause there is no appreciable dc voltage drop in an 
inductor, the dc voltage between points 4 and A is 
also 1.35 £. Consequently, the de current J/g is 
given by: 

Ig = (Eqg-£Fo)/R (23-13) 

The triggering time has to be very precise to ob- 
tain the rectified voltage shown in Fig. 23-46. 
Thus, if g1 fires slightly ahead of 69, conduction 
Cannot start because anode 1 is then negative. On 
the other hand, if g1, fires after 85, O5 will con- 
tinue to conduct until g1 /s fired. 


23-25 Delayed triggering - rectifier mode 


Let us now delay all triggering pulses by an angle a 
of 15° (Fig. 23-47a). Current Jy, instead of switch- 


ing over to Q1 at @o, will continue to flow in Q5 
until gate pulse g1 triggers 01. Commutation oc- 
curs, and the potential of point K jumps from line 
3 to line 1. A similar switching action takes place 
for the other thyristors. The resulting choppy 
waveshape between terminals K and A is shown in 
Fig. 23-47a. 

Note that the triggering delay does not shorten 
the conduction period: each thyristor still con- 
ducts for a full 120°. Furthermore, the current re- 
mains constant and ripple-free, owing to the pres- 
ence of the big inductor. The level of point K fol- 
lows the tops of the individual sine waves, but the 
average voltage Ey, between K and A, is obviously 
smaller than before. We can prove that it is given 
by: 


Ey = 1.35 EF cosa (23-14) 


a 
| 


= dc voltage produced by the 3-phase, 6- 

pulse converter [V] 

E = effective value of the ac line voltage [V] 
firing angle [°] 

According to Eq. 23-14, Hy becomes smaller 
and smaller as a increases. However, if gy becomes 
equal to or less than £9, the load current ceases to 
flow. Ordinarily, the current would reverse when 
Eq is smaller than £’5. However, this is impossible, 
because the SCRs can only conduct in the forward 
direction. 

Figures 23-47b and 23-47c show the waveform 
between K and A for a = 45° and 75, respective- 
ly. The ac component in Ex, is now very large, 
compared to the dc component. Indeed, ata= 75, 
the dc component gq is so small that load voltage 
Eo has to be nearly zero for a significant current to 
flow. 


R 
ll 


Example 23-8: 

The 3-phase converter of Fig. 23-45 is connected 
to a 3-phase 480 V, 60 Hz source. The load con- 
sists of a 500 V dc source having an internal resis- 
tance of 2 {2. Calculate the power supplied to the 
load for triggering delays of: a. 15°; b. 75. 
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Figure 23-45 Three-phase, 6-pulse rectifier. 
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Solution: a.3 The power supplied to the load is: 
a. 1 The dc output voltage of the converter is: P= Kalg 
Ey = 1.352 cosa = 626x63 = 39.4kW 
1.35 x 480 x cos 15° b. 1 With a phase angle delay of 75°, the convert- 
= 626 V er voltage is: | 
Because the dc voltage drop across the in- Eg = 1.35 EF cosa 
ductor is negligible, the ZR drop across the = 1.35 x 480 x cos 75° 
2 §2 internal resistance is: = 167.7 V 
E = Eg-£o Because Ey is less than F’9, the current tends 
= 626-500 = 126 V to flow in reverse. This is impossible, and 
a.2  Thedc load current is therefore: consequently the current is simply zero, and 


Ig = E/R = 126/2 = 63A so, too, is the power. 
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23-26 Delayed triggering - inverter mode 


If triggering is delayed by more than 90°, Eg be- 
comes negative. This does not produce a negative 
current because, as we said, SCRs conduct in only 
one direction. Consequently, the load current is 
simply zero. However, we can force a current to 
flow by connecting a dc voltage of proper magni- 
tude and polarity across the converter terminals. 
This external voltage £g must be slightly greater 
than Eg in order for current to flow (Fig. 23-48). 
The load current is given by: 


I = (Eo- Eq)/R 


former 


the inverter mode, the firing angle lies between 
90° and 180°, and a de source of proper polarity 
must be provided. 

Figure 23-49 shows the waveshapes at firing 
angles of 105°, 135° and 165°. The dc voltage Fy 
generated by the inverter is still given by Eq. 23-14. 
It reaches a maximum value of Fy = 1.354 at 
180°. 


23-27 Triggering range 


The triggering range of a given thyristor is usually 
kept between 15° and 165. The thyristor acts as a 





Figure 23-48 Three-phase, 6-pulse converter in the inverter mode. 


Because current flows out of the positive terminal 
of Fo, the “load” is actually a source, delivering a 
power output P = Eg/g. Part of this power is dissi- 
pated as heat in the circuit resistance and the re- 
mainder is absorbed by the secondaries of the 3- 
phase transformer. If we subtract the small trans- 
former losses and the virtually negligible SCR 
losses, we are left with a net active power Pac that 
is returned to the 3-phase line. 

The original rectifier has now become an /nvert- 
er, converting dc power into ac power. The transi- 
tion from rectifier to inverter. is smooth, and re- 
quires no change in the converter connections. in 
the rectifier mode, the firing angle lies between 0° 
and 90°, and the load may be active or passive. In 


rectifier between 15° and 90° and as an inverter 
between 90° and 165. The dc voltage developed 
reaches its maximum value at 15° and 165°; it is 
zero at 90°. 

The triggering angle is seldom less than 15° in 
the rectifier mode. The reason is that sudden line 
voltage changes might cause a thyristor to misfire, 
thus producing a discontinuity in the dc output 
current. 

In the inverter mode, we seldom permit the 
firing angle to exceed 165. If we go beyond this 
point, the inverter may lose its ability to commu- 
tate and the currents build up very quickly until 
the circuit breakers trip. In some cases, the firing 
angle is not allowed to exceed 150°, to ensure an 
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Q1 Q2 Q3 Q4 Q5 Q6 Q1 
Oo fires fires fires fires fires fires fires 
Q5, O6 a= 105° Q6, Q1 Q1, Q2 Q2, Q3 Q3, 04 04, Q5 Q5, 06 
conducting conducting |conducting | conducting | conducting | conducting | conducting 


POORPPDOOOPDG 
SASS PENAL 
iS 


VY 
SBABSASBEAS 


Figure 23-49 a. Triggering sequence and waveforms with a delay angle of 105°. 


Q1 Q2 Q3 Q4 Q5 Q6 Q1 
Oo fires fires fires fires fires fires fires 
Q5, Q6 a= 135° Q6, Q1 Q1, Q2 Q2, 03 Q3, 04 Q4, Q5 Q5, O6 
conducting conducting |conducting | conducting | conducting | conducting |conducting 


DDO 


Figure 23-49 b. Triggering sequence and waveforms with a delay angle of 135°. 


adequate safety margin. 23-28 Equivalent circuit of a converter 

Figure 23-50 shows the allowed and forbidden 
gate firing zones for a particular thyristor in a 3- We may think of a converter as being a static ac/dc 
phase, 6-pulse converter. Specifically, it refers to motor-generator set whose dc output voltage Ey 
Q1 in Fig. 23-45. The other thyristors have similar changes both in magnitude and polarity depending 


firing zones, but they occur at different times. upon the gate pulse delay. However, the dc ‘’gener- 
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Q1 Q2 Q3 O4 O5 . Q6 Q1 
66 fires fires fires fires fires fires fires 








05,06 —=— a= 165° <06, O1>\<-01, 02>|<-02, 03>|\<-03, 04>|<- 04, 05->|}< 05, 06> 
ora conducting |conducting| conducting |conducting| conducting | conducting 


POO DOOOOE 
BOQODODOOY 


Figure 23-49 c. Triggering sequence and waveforms with a delay angle of 165°. 


one cyc!]e—AA_____> 


forbidden firing firing zone forbidden firing 
zone (for Q1) for Q1 zone (for Q1) 
a= 15°) a= 90°} w= 165° 


Oo rectifier| inverter 





Figure 23-50 Permitted gate firing zones for thyristor Q1. 
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ator’’ has some special properties: 
1. it can carry current in only one direction; 
2. it generates an increasingly large ac ripple volt- 
age as the dc voltage decreases. 
The analogy may be represented by the circuit 
of Fig. 23-51, in which: 


gate | 


control 


3-phase © 
line 





Figure 23-51 Equivalent circuit of a converter. 

Fac represents the 3-phase line voltage 

Eq is the dc voltage generated by the converter 
€, is the ac voltage generated by the converter 

D is a diode to remind us that current can flow 
in only one direction 

The dotted line between F'4. and Eg indicates 
that active power can flow between the ac and 
dc systems 

When the converter is operating as a rectifier, 
the equivalent circuit is shown in Fig. 23-52. When 
operating as in inverter, the circuit is given by Fig. 
23-53. The ac voltage generated by the converter 
appears across inductor L. Its inductance is suffi- 
ciently large to ensure an almost ripple-free dc cur- 
rent. 


23-29 Currents in a 3-phase, 6-pulse converter 


Figure 23-54 shows the voltage and current wave- 
shapes when the converter functions as a rectifier 
at a firing angle of 45°. The current in each thy- 
ristor flows for 120°, and the peak value is equal 
to the de current Jy. This is obviously true for any 
firing angle between zero and 180°. Consequently, 
the currents in a thyristor converter are identical 
to those in a plain 3-phase diode rectifier (Fig. 


23-16). The only difference is that they flow later 
in the cycle. 

The waveshapes of the ac line currents are easily 
found because they are equal to the difference be- 
tween the respective thyristor currents. Thus, in 
Fig. 23-48, line current /, = 7, - ig. These currents 


FREED P 


sa 





Figure 23-52 Equivalent circuit of a 3-phase converter 
in the rectifier mode. 





Figure 23-53 Equivalent circuit of a 3-phase converter 
in the inverter mode. 


also have a peak value /y, and they flow in positive 
and negative pulses of 120°. 

The heating effect of the ac line currents is im- 
portant because they usually flow in the windings 
of a converter transformer. The J?R loss depends 
upon the effective value J of the current. Using the 
method explained in Sec. 7-5, we calculate its val- 
ue as follows: 
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it Q2 03 O04 O5 O6 O1 G2 Q3 Q4 
09 fires fires fires fires fires fires fires fires fires fires 


05, 06] 45° [O6, Q7/O1, 02/02, 03/03, 04/04, 05/05, a6l0e, 07101, a2/02, 03 


conducting 


= NY ABARAT 
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Figure 23-54 Voltage and current waveforms in the converter of Figure 23-45 with a delay angle of 45°. 


I? x 180° = I2yx 120° Ig = dccurrent of the converter [A] 
0.816 = aconstant [exact value = ./2/3] 
The effective value of the ac line current is 
(23-15) therefore directly related to the dc output current, 
and is unaffected by the firing angle. Clearly, the 
where , same is true when the converter operates as an in- 


: I = effective ac line current [A] verter. 
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23-30 Power factor 


Returning briefly to the 3-phase, 3-pulse rectifier 
(Figs. 23-12 and 23-13), we note that the currents 
in lines 1, 2, and 3 are symmetrical with respect to 
the line-to-neutral voltages. Thus, rectangular cur- 
rent i, is exactly in the middle of the positive Fan 
wave. In essence (and in actual fact), 72 is in phase 
with Loy. This is also true for the other currents, 
as regards their respective voltages. This condition 
is reflected back into the primary of the trans- 
former, and from there, to the primary feeder. Be- 
cause the currents are in phase with the voltages, 
the power factor is 100%. The same remarks apply 
to a 3-phase, 6-pulse rectifier (Fig. 23-16). 

Referring now to Fig. 23-54, where triggering 
has been delayed by 45°, we note that the thy- 
ristor currents have all been shifted by 45° to the 
right. Consequently, the currents lag the respective 
voltages by 45°: the power factor is no longer uni- 
ty but only 0.707 (cos 45° = 0.707). This means 
that a converter absorbs reactive power from the 
ac system to which it is connected. This is true 
whether the converter operates as a rectifier or in- 
verter. The reactive power Is given by: 


where 
Q = reactive power absorbed by the converter 
[var] 
P = dc power of the converter (positive for a 


rectifier, negative for an inverter) [W] 
@ = triggering angle [°] 
In practice, the reactive power absorbed is 
about 40% of the active power. 


Example 23-9: 
Calculate the reactive power absorbed by the con- 


verter of Example 23-8, for a triggering angle of 
15°. 


Solution: 
The total dc power absorbed by the load is: 
P = Eglg = 39.4 kW 


Ptana 
39.4 tan 15 
10.6 kvar 


tO 
Tl 


Example 23-10: 

A 16 kV dc source having an internal resistance of 
1 92 supplies 900 A to a 12 kV, 3-phase, 60 Hz in- 
verter (Fig. 23-55). Calculate: 

the dc current carried by each SCR; 

. the dc voltage generated by the inverter; 

the required firing angle a; 

. the effective value of the ac line currents; 

the reactive power absorbed by the inverter; 
the apparent power supplied by the ac line. 


+O AAT D 


chase Hare Terres L 





Figure 23-55 See Example 23-9. 


Solution: 
a. Each SCR carries the load current for one third 
of the time. The dc current is therefore: 
I = Ig/3 = 900/3 
= 300A 
b. the voltage Lg generated by the inverter is equal 
to F’g less the JR drop. Thus, 
Eg = Eo-JgR 
= 16000 - 900 x 1 
= 15100 V 
c. Knowing the effective ac line voltage is 
12 000 V, the firing angle can be found from 
Eq. 23-14: 


Kg = 1.35 £ cos a 
15 100= 1.35 x 12 000 cos a 
cosa= 0.932 
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a= 21.2° 
This is the firing angle that would be required if 
the converter operated as a rectifier. However, 
because it is in the inverter mode, the actual 
firing angle ts: 


a = 180-21.2 = 158.8" 
. The effective value of the ac line current is: 
I = 0.8161g Eq. 23-15 
= 0.816 x 900 
= 734A 
. The de power absorbed by the inverter is: 
P= Egla 
= 15100 x 900 
= 13.6 MW 


P is actually negative because the inverter ab- 
sorbs dc power; hence, P = - 13.6 MW. 
The reactive power absorbed by the inverter ts: 


Q = Ptana Eq. 23-16 
= - 13.6 tan 158.8 
= 5.27 Mvar™ 
The apparent power furnished by the trans- 
former ts: 


S = El/3 
= 12000 x 734.3 
15.3 MVAT 


Eq. 9-9 


QUESTIONS AND PROBLEMS 


Practical level 


23-1 
23-2 
23-3 


23-4 


* 


State the basic properties of a diode. 

State the basic properties of a thyristor. 
What is the approximate voltage drop across 
a diode or SCR when it conducts? 

What is the approximate maximum oper- 
ating temperature of a thyristor? 


In practice, the actual reactive power is higher than 
the calculated value, owing to commutation overlap. 


The apparent power calculated in this way is approxi- 
mate because the current is rectangular rather than si- 
nusoidal. However, 15.3 MVA is a close approximation 
to the real value. 


23-5 


23-6 


23-7 


23-8 


23-9 


477 


Explain the meaning of the following terms: 
anode harmonic 

cathode commutation 

gate natural commutation 
choke converter 

filter inverter 

chopper cycloconverter 

peak inverse voltage _ bridge rectifier 
rectifier forced commutation 


self-commutated inverter 

The 3-phase transformer shown in Fig. 23-12 

produces a secondary line voltage of 2.4 kV. 

The dc load current Jy is 600 A. Calculate: 

a. the dc voltage across the load; 

b. the average current carried by each diode; 

c. the maximum current carried by each di- 
ode. 

The 3-phase transformer shown in Fig. 23-15 

produces a secondary line voltage of 2.4 kV. 

If the dc load current is 600 A, calculate: 

a. the dc voltage across the load; 

b. the average current carried by each diode. 

An ac source having an effective voltage of 

600 V, 60 Hz is connected to a single-phase 

bridge rectifier as shown in Fig. 23-10a. The 

load resistor has a value of 30 &2. Calculate: 

a. the dc voltage £3; 


b. the dc voltage £54; 

c. the dc load current J; 

d. the average current carried by each diode; 

e. the active power supplied by the ac 
source. 

The chopper shown in Fig. 23-41 is con- 


nected to a 3000 V dc source. The chopper 
frequency is 50 Hz and the on-time is 1 ms. 
Calculate: 

a. the voltage across resistor Ro; 

b. the value of J, if Ro = 2 Q2. 


23-10 In Problem 23-11, if we double the on-time, 


calculate the new power absorbed by the 
load. 


Intermediate level 


23-11 a. In Problem 23-7 calculate the power dis- 
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sipated by the six diodes if the average 
voltage drop during the conduction pe- 
riod is 0.6 V. 

b. What is the efficiency of the rectifier 
alone? 


23-12 a. The current in Fig. 23-2 has a value of 


- 6 A. What is the polarity of £34? 

b. The current in Fig. 23-3 has a value of 
+ 6A and £5 is negative. Is the current 
increasing or decreasing? 


23-13 The single-phase bridge rectifier shown in 


Fig. 23-10a is connected to a 120 V, 60 Hz 
source. If the load resistance is 3 (2, calcu- 
late: 

a. the dc load current; 

b. the PIV across the diodes; 

c. the energy that must be stored in the 
choke so that the peak-to-peak ripple is 
about 5% of the dc current; 

d. the inductance of the choke; 

e. the peak-to-peak ripple across the choke. 


23-14 The line voltage is 240 V, 60 Hz on the sec- 


ondary side of the converter transformer in 

Fig. 23-15. The de load draws a current of 

750 A. Calculate: 

a. the dc voltage produced by the rectifier; 

b. the active power supplied by the 3-phase 
source; 

c. the peak current in each diode; 

d. the duration of current flow in each di- 
ode [ms]; 

e. the effective value of the secondary line 
current: 

f. the reactive power absorbed by the con- 
verter; 

g. the peak-to-peak ripple across the in- 
ductor. 


23-15 The chopper shown in Fig. 23-41 is con- 


nected to a 2000 V dc source, and the load 
resistor Ry has a value of 0.15 Q. The on- 
time is fixed at 100 us and the dc voltage 
across the resistor is 60 V. Calculate: 

a. the power supplied to the load: 

b. the power drawn from the source; 

c. the dc current drawn from the source; 


d. the peak value of J,; 

e. the chopper frequency; 

f. the apparent resistance across the dc 
source; 

g. draw the waveshapes of /,, /) and Ip. 


23-16 The 3-phase, 6-pulse converter shown in 


Fig. 23-42 is directly connected to a 3- 

phase, 208 V line. Calculate: 

a. the dc output voltage for a firing angle 
of 90°: | 

b. the firing angle needed to generate 60 V 
(rectifier mode): 

c. the firing angle needed to generate 60 V 
(inverter mode). 


23-17 The converter shown in Fig. 23-42 is con- 


nected to a transformer that produces a sec- 
condary line voltage of 40kV, 60 Hz. 
The resistance R is negligible and the load 
draws a de current of 450A. If the delay 
angle is 75-, calculate: 
a. the dc output voltage; 
b. the active power drawn from the ac line; 
c. the effective value of the secondary line 
current; 
d. the reactive power absorbed by the con- 
verter. 
In Problem 23-17, calculate: 
a. the peak positive value of Ex a; 
b. the peak negative value of Ex a; 
c. the peak-to-peak ripple across the in- 
ductor. 


Advanced level 


23-19 The rectifier shown in Fig. 23-15 produces 


a de output of 1000 A at 250 V. Inductor 
L reduces the current ripple, but an addi- 
tional purpose is to limit the rapid build-up 
of dc current should load KR become shorted. 
This enables the circuit breakers to trip be- 
fore the dc current becomes too large. As- 
suming the initial current is 1000 A, calcu- 
late the minimum value of ZL so that the 
short-circuit current does not exceed 3000 A 
after 50 ms. 


FUNDAMENTAL ELEMENTS OF POWER ELECTRONICS 479 


23-20 A diode having a PIV rating of 600 V is 


used in a battery charger similar to the one 

shown in Fig. 23-7a. The battery voltage is 

120 V and R = 10 2. 

a. Calculate the maximum effective second- 
ary voltage of the transformer so that the 
diode will not break down. 

b. For how many electrical degrees will the 
diode conduct if the RMS secondary volt- 
age is 300 V? 

c. What is the peak current in the diode? 


23-21 The cycloconverter in Fig. 23-29 is con- 


nected to a 60 Hz source. Calculate the time 
interval between the firing of gates g1 and g4 
if we wish to generate an output frequency 
of 12 Hz? Draw the waveshape of the volt- 
age across the load resistance. 


23-22 a. Referring to Fig. 23-11, and recognizing 


that area A- is almost triangular, calcu- 
late the approximate value of A+ if the 
effective voltage produced by the source 
is 2000 V, 60 Hz [V:-s]. 

b. If the peak-to-peak current ripple must 
not exceed 7 A, calculate the inductance 
of choke L. 


23-23 The chopper shown in Fig. 23-37 transfers 


power from a 400 V source to a 100 V load. 


The inductor has an inductance of 5H. If 

the chopper is “‘on” for 2s and “off” for 

10s, calculate: 

a. the maximum current in the inductor; 

b. the energy transferred to the load, per 
cycle [J]; 

c. the average power delivered to the load 
[W] ; 

d. draw the waveshape of 7 as a function of 
time and compare it with Fig. 23-38. 

In Problem 23-23, if the chopper is on for 
2s and off for 2s, what is the value of the 
current: 

a. after 2s? b. after 4 s? 

c. after 6 s? d. after 8 s? 

e. Will anything prevent the current from 
building up indefinitely ? 


23-25 A 3-phase, 6-pulse converter shown in Fig. 


23-48 is to be used as an inverter. The dc 

side is connected to a 120 V battery and R = 

10 mQ2. The ac side is connected to a 3- 

phase, 120 V, 60 Hz line. If the battery de- 

livers a current of 500 A, calculate: 

a. the firing angle required; 

b. the active power delivered to the ac line; 

c. the reactive power absorbed by the con- 
verter. 





ELECTRONIC 
CONTROL OF 
DIRECT CURRENT 
MOTORS 


High-speed reliable and inexpensive semiconductor 
devices have produced a dramatic change in the 
control of dc motors. In this chapter, we examine 
some of the basic principles of such electronic con- 
trols. The circuits involve rectifiers and inverters 
already covered in Chapter 23. The reader should 
therefore review this chapter before proceeding 
further. 

In describing the various methods of control, 
we shall only study the behavior of power circuits. 
Consequently, the many ingenious ways of shaping 
and controlling triggering pulses are not covered 
here. The reason is that they constitute, by them- 
selves, a complex subject involving sophisticated 
electronics, logic circuits, integrated circuits, and 
even microprocessors. Nevertheless, the omission 
of this important subject, covered in other texts, 
does not detract from the thrust of this chapter, 
which is to explain the fundamentals of electronic 
dc drives. 


24-1 Fundamentals of electric drives 


Some industrial drives require an electric motor to 
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function at various torques and speeds, both in 
forward and reverse. In addition to operating as a 
motor, the machine often has to function for brief 
periods as a generator or brake. In electric locomo- 
tives, for example, the motor may run clockwise 
or counterclockwise and the torque may act either 
with, or against, the direction of rotation. In other 
words, the speed and torque may be positive or 
negative. 

In describing industrial drives, the various oper- 
ating modes can best be shown in graphical form. 
The positive and negative speeds are plotted on a 
horizontal axis, and the positive and negative 
torques on a vertical axis (Fig. 24-1). This gives 
rise to four operating quadrants, labelled respec- 
tively quadrants 1, 2, 3, and 4. 

If a machine operates in quadrant 1, both the 
torque and speed are positive, meaning that they 
act in the same direction (clockwise, say). Conse- 
quently, a machine operating in this quadrant 
functions as a motor. As such, it delivers mechani- 
cal power to the load. The same remarks apply to 
quadrant 3, except that both the torque and speed 
are reversed. 


A machine that operates in quadrant 2 develops 
a positive torque but its speed is negative. In other 
words, the torque acts clockwise while the ma- 
chine turns counterclockwise. In this quadrant, the 
machine absorbs mechanical power from the load; 
consequently, it functions basically as a generator. 
The mechanical power is converted into electric 
power and the latter is usually fed back into the 
line. However, the electric power may be dissi- 
pated in an external resistor, such as in dynamic 
braking. 


generator or brake motor 


—-» torque 





—~ speed 


motor generator or brak 


Figure 24-1 Electric drives can operate in four distinct 
quadrants. 


Depending on the way it is connected, a ma- 
chine may also function as a brake when operating 
in quadrant 2. The mechanical power absorbed is 
again converted to electric power, but the latter is 
immediately and unavoidably converted into heat. 
In effect, when a machine functions as a brake, it 
absorbs electric power from the supply line at the 
same time as it absorbs mechanical power from the 
shaft. Both power inputs are dissipated as heat - 
often inside the machine itself. For example, 
whenever a machine is plugged, it operates as a 
brake. In large power drives, we seldom favor the 
brake mode of operation because it is very ineffi- 
cient. Consequently, the circuit is usually arranged 
so that the machine functions as a generator when 
Operating in quadrant 2. 
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Quadrant 4 is identical to quadrant 2, except 
that the torque and speed are reversed; conse- 
quently, the same remarks apply. 


24-2 Typical torque-speed curves 


The torque-speed curve of a 3-phase induction 
motor is an excellent example of the motor-gener-: 
ator-brake behavior of an electrical machine. Re- 
ferring to the solid curve in Fig. 24-2, the machine 
acts as a motor in quadrant 1, as a brake in quad- 


generator 
LN 







generator 


Figure 24-2 Typical torque-speed curve of a squirrel- 
cage induction motor. 


rant 2 and as a generator in quadrant 4 (Sec. 
18-18). If the stator leads are reversed, another 
torque-speed curve is obtained. This dotted curve 
shows that the machine now operates as a motor 
in quadrant 3, as a generator in quadrant 2, and as 
a brake in quadrant 4. Note that the machine can 
function either as a generator or brake in quad- 
rants 2 and 4. On the other hand, it always runs as 
a motor in quadrants 1 and 3. 

To give another example, Figure 24-3 shows the 
complete torque-speed curve of a dc shunt motor. 
The motor-generator-brake modes are again appar- 
ent. If the armature leads are reversed, we obtain 
the dotted curve. 

In designing electric drives, we try to vary the 
speed and torque in a smooth, continuous way to 
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satisfy the load requirements. This is usually done 
by shifting the entire torque-speed characteristic 
back and forth along the horizontal axis. For ex- 
ample, the torque-speed curve of Fig. 24-3 may be 
shifted back and forth by varying the armature 
voltage. Similarly, we can shift the curve of an in- 
duction motor by varying the voltage and frequen- 
cy. The shift can be produced electrically, but 
more recently it is accomplished by means of 
power electronics. 





Figure 24-3 Typical torque-speed curve of a dc motor. 


Power electronics can even change the shape of 
the torque-speed curve. Thus, by using feedback, a 
shunt motor can be made to duplicate the proper- 
ties of a series motor, and a squirrel-cage induction 
motor can imitate the behavior of a dc compound 
motor. Consequently, the distinction between 
motors has become somewhat blurred owing to 
the tremendous versatility afforded by electronic 
control. The truth of this statement will be realized 
as the reader discovers some of the novel control 
methods used today. 


24-3 First quadrant speed control 


We begin our study with a variable speed drive for 
a dc shunt motor. We assume its operation is re- 
stricted to quadrant 1. The field excitation is fixed, 


and the speed is varied by changing the armature 

voltage. A 3-phase, 6-pulse converter is connected 

between the armature and a 3-phase source (Fig. 

24-4). The field is separately excited by a single- 

phase bridge rectifier. External inductor Z ensures 

a relatively smooth armature current. If the arma- 

ture inductance La is large enough, the external 

inductor can be dispensed with. The armature is 
initially at rest and the disconnecting switch S is 
open. 

A gate triggering processor receives external in- 
puts such as actual speed, actual current, actual 
torque, etc. These inputs are picked off the power 
circuit by means of suitable transducers. In addi- 
tion, the processor can be set for any desired 
motor speed and torque. The actual values are 
compared with the desired values, and the proces- 
sor automatically generates gate pulses to bring 
them as close together as possible. Limit setting 
are also incorporated so that the motor never oper- 
ates beyond acceptable values of current, voltage 
and speed. 

Gate pulses are initially delayed by an angle a = 
90° so that converter output voltage Fy is zero. 
Switch S is then closed and @ is gradually reduced 
so that Ey begins to build up. Armature current Lg 
starts flowing and the motor gradually accelerates. 
During the starting period, the current is moni- 
tored automatically. Furthermore, the gate trig- 
gering processor is preset so that the pulses can 
never produce a current in excess of 1.6 p.u., say. 

Three features deserve our attention as regards 
the start-up period: 

1. no armature resistors are needed; consequently, 
there are no JR losses; 

2. the power loss in the thyristors is negligible; 
consequently, all the active power drawn from 
the ac source is available to drive the load; 

3. even if an inexperienced operator tried to start 
the motor too quickly, the current-limit setting 
would override the manual command. In effect, 
the armature current can never exceed the al- 
lowable preset value. 

When the motor reaches full speed, the firing 
angle is usually between 15° and 20. Converter 


voltage Eg is slightly greater than induced voltage 
£9 by an amount equal to the armature circuit JR, 
drop. The converter voltage is given by: 

Eg = 1.35 E cosa Eq. 23-14 


To reduce the speed, we increase a so that Ey 
becomes less than Eo. In a Ward-Leonard system, 


limit settings 


max = max min/max 


Current speed etc. 


desired current aa a _ 
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because the SCR losses are small. However, the rip- 
ple voltage generated by the converter is greater 
than under full-load conditions because a is greater 
(Sec. 23-28). Consequently, the armature current 
is not as smooth as before, which tends to increase 
the armature copper losses. An equally serious 


tt 


oo actual armature current 


control roe F gate , external inputs 
; esired spee triggerin a actual speed 
settings Miele P from the system 
desired etc. — actual etc. 
a——— G, G, G3 G, G,; Gs ‘is Ss lq 
2 O O 
G, 5 Ra g 
La i 
1) + 
3-phase E 
line Q 70 
G, 
single phase 
source 


Figure 24-4 Armature torque and speed control using a thyristor converter. 


this would immediately cause the armature current 
to reverse (see Sec. 15-5), Unfortunately, the cur- 
rent cannot reverse in Fig. 24-4 because the SCRs 
conduct in only one direction. As a result, when 
we increase q@, the current is simply cut off and the 
motor Coasts to the lower speed. During this inter- 
val, £9 gradually falls, and when it eventually be- 
comes less than the new setting of Eg, the arma- 
ture current again starts to flow. The torque quick- 
ly builds up and the motor will continue to run at 
the lower speed. 

The efficiency at the lower speed is still high 


problem is the large reactive power absorbed by 
the converter as the firing angle is increased. 

To stop the motor, we delay the pulses by 90° 
so that Ey = 0 V. The motor will coast to a stop at 
a rate that depends on the mechanical load and the 
inertia of the revolving parts. 


Example 24-1: 

A 750 hp, 250 V, 1200 r/min de motor is con- 
nected to a 208 V, 3-phase, 60 Hz line using a 3- 
phase bridge converter (Fig. 24-5a). The full-load 
armature current is 2500 A and the armature resis- 
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tance is 4 m&. Calculate: 

a. the required firing angle a under rated full-load 
conditions; 

b. the firing angle so the motor will run at 
600 r/min at no-load; 

c. the firing angle required so that the motor de- 
velops its rated torque at 400 r/min. 


desired values : gate | external 
—. riggering po 
limits ——*| processor | inputs 


| gates 





converter 


560 kW 
1200 r/min 


Figure 24-5 a. See Example 24-1. 


Solution: 
a.1 At full load, the converter must develop a dc 
output of 250 V: 


Eg = 1.35 cosa Eq. 23-14 


250 = 1.35 x 208 cos a 
cosa = 0.89 
\ qa= 27° 


b.0 Full-ioad armature JR drop: 
= 2500Ax 0.0042 = 10V 
Fe = 250-10 = 240 V 
b.1 At 600 r/min: 
Ey = 240 x (600/1200) = 120 V 
The JR drop at no load is negligible; conse- 
quently: 






208 V 
3-phase 


Figure 24-5 b. Motor running at no-load. 


Eg = Eo = 120V 
b. 2 To determine the firing angle at no-load, we 


have: 
Eg = 1.35 EF cos & Eq. 23-14 
120 = 1.35 x 208 cos a 


cosa = 0.427 

- a = 64.7° (see Fig. 24-5b) 

c.1. To develop rated torque, the armature cur-. 
| rent must be 2500 A 
cemf at 400 r/min: 

Ey = (400/1200) x 240 = 80V 
Armature JR drop = 2500 x 0.004 = 10V 
Armature terminal voltage is: 

Eg = 80+ 10 = 90 V 

c.2 To determine the firing angle, we have: 
Eg = 1.35 £ cosa Eq. 23-14 
90 = 1.35 x 208 cos a 
a 71° (see Fig. 24-5c) 


Example 24-2: 

Referring to Example 24-1, calculate the reactive 
power absorbed by the converter when the motor 
develops full torque at 400 r/min. 


Solution: 
The load condition is given in Fig. 24-5c. The dc 
power absorbed by the motor is: 

P = Eglg = 90x 2500 = 225 kW 
Because the converter losses are negligible, the ac- 
tive power supplied by the ac source is also 
225 kW. 

The reactive power drawn from the ac source is 
given by: 


QO = Ptane Eq. 23-16 


208 V 
3-phase 





Figure 24-5 c. Rated torque at 600 r/min. 


Q = 225tan71° 
653 kvar (compare with the active power 
of 225 kW) 

This example shows that an enormous amount 
of reactive power is required as the firing angle is 
increased. It even exceeds the reactive power 
needed at full load. Capacitors should be installed 
on the ac side of the converter to reduce the bur- 
den on the transmission line. Alternatively, a 
variable-tap transformer can be placed between the 
3-phase source and the converter. By reducing the 
ac voltage at the lower speeds, the reactive power 
can be reduced dramatically. The reason is that the 
firing angle can then be kept between 15° and 20°. 


24-4 Two-quadrant control, field reversal 


We cannot always tolerate a situation where a 
motor simply coasts to a lower speed. To obtain a 
quicker response, we have to modify the circuit so 
that the motor acts temporarily as a generator. By 
controlling the generator output, we can make the 
speed fall as fast as we please. We often resort to 
dynamic braking using an external resistor. How- 
ever, the converter can also be made to operate as 
an inverter, feeding power back into the 3-phase 
line. Such regenerative braking is often preferred 
because the kinetic energy is not lost. Furthermore, 
the generator output can be precisely controlled to 
obtain the desired rate of change in speed. 

To make the converter act as an inverter, the 
polarity of Egy must be reversed. This means we 
have to reverse the polarity of Eo. Finally, Eg must 
be adjusted to be slightly less than F’9 to obtain the 
desired braking current (Fig. 24-6). 

These changes are not as simple as they may at 
first appear. The polarity of gy can be changed al- 
most instantaneously by delaying the gate pulses 
by more than 90°. However, to change the polari- 
ty of £5, we must reverse either the field or the ar- 
mature, and this requires additional equipment. 
The reversal also takes a significant length of time. 
Furthermore, after the generator phase is over, we 
Must again reverse the armature or field so that the 
machine runs as a motor. Bearing these conditions 
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converter | 


Figure 24-6 Motor control by field reversal. 


in mind, we list the steps to be taken when fle/d 

reversal is employed. 

Step 1: Delay the gate pulses by nearly 180° so 
that Ey becomes quite large and negative. 
This operation takes a few milliseconds, 
after which current J/g is zero. 

Step 2: Reverse the field current as quickly as 
possible so as to reverse the polarity of 
Eo. The total reversing time may last from 
1 to 2 seconds, owing to the high induc- 
tance of the shunt field. The armature 
current is still zero during this interval. 

Step 3: Reduce a@ so that £g becomes slightly less 
than Eo, enabling the desired armature 
current to flow. The motor now acts as a 
generator, feeding power back into the ac 
line. Its speed drops rapidly towards the 
lower setting. 

What do we do when the lower speed is reached? 
We quickly rearrange matters so that the dc ma- 
chine again runs as a motor. This involves the fol- 
lowing steps: 

Step 4: Delay the gate pulses by nearly 180 so 
that Ey becomes quite large and negative. 
This operation takes a few milliseconds, 
after which current Jy is again zero. 

Step 5: Reverse the field current as quickly as 
possible so as to make Fg positive. The re- 
versing time again lasts from 1 to 2 sec- 
onds. During this interval, the armature 
current is zero. 

Step 6: Reduce aso that ky becomes positive and 
slightly greater than Ey, enabling the de- 
sired armature current to flow. The ma- 
chine now acts as a motor, and the con- 
verter is back to the rectifier mode. 
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converter 





Figure 24-7 Motor control by armature reversal. 


24-5 Two-quadrant control - armature reversal 


In some industrial drives, the long delay associated 
with field reversal is unacceptable. In such cases, 
we reverse the armature instead of the field. This 
requires a high-speed reversing switch designed to 
carry the full armature current. The control sys- 
tem is arranged so that switching occurs only when 
the armature current is zero. Although this reduces 
contact wear and arcing, the switch still has to be 
fairly large to carry a current, say, of several thou- 
sand amperes. 

Owing to its low inductance, the armature can 
be reversed in about 150 ms, which is about 10 
times faster than reversing the field. Figure 24-7 is 
a simplified circuit showing a dc shunt motor con- 
nected to the converter by means of a reversing 


inputs aes triggering 
|__processor | 


gates G, to G, 





converter 1 


‘contactor. To reduce speed, the same steps are fol- 


lowed as in the case of field reversal, except that 
the armature is reversed instead of the field. 


24-6 Two-quadrant control - two converters 


When speed control has to be even faster, we use 
two identical converters connected in reverse par- 
allel. Both are connected to the armature, but only 
one operates at a given time, acting either as a rec- 
tifier or inverter (Fig. 24-8). The other converter is 
on “‘standby,”’ ready to take over whenever power 
to the armature has to be reversed. Consequently, 
there is no need to reverse the armature or field. 
The time to switch from one converter to the 
other is typically 10 ms. Reliability is considerably 
improved, and maintenance is reduced. Balanced 
against these advantages are higher cost and in- 
creased complexity of the triggering source. 
Because one converter is always ready to take 
over from the other, the respective converter volt- 
ages are close to the existing armature voltage, 
both in value and polarity. Thus, in Fig. 24-9, con- 
verter 1 acts as a rectifier, supplying power to the 
motor at a voltage slightly higher than the cemf 
Eo. During this period, gate pulses are withheld 


| triggering 2 inputs 


processor | 


gates G, to G,, 


converter 2 


Figure 24-8 Two-quadrant control using two converters without circulating currents. 


from converter 2 so that itis inactive. Nevertheless, 
the control circuit continues to generate pulses 
having a delay a so that Eyo would be equal to 
F'g1 if the pulses were allowed to reach the gates 
(G7 to G12). | 





converter 1 converter 2 


Figure 24-9 a. Converter 1 in operation, converter 2 
blocked. 


To reduce the speed, gate pulses a, are delayed 
and, as soon as the armature current has fallen to 
zero, the control circuit withholds the pulses to 
converter 1 and simultaneously unblocks the 
pulses to converter 2. Converter 1 becomes inac- 
tive and the delay angle a@, is then reduced so that 





converter 2 


converter 1 


Figure 24-9 b. Converter 2 in operation, converter 1 
blocked. 


Ego becomes slightly less than &o, thus permitting 
reverse current /yo to flow (Fig. 24-9b). 

This current reverses the torque, and the motor 
speed decreases rapidly. During the deceleration 
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phase, @ is varied automatically so that Ey fol- 
lows the rapidly decreasing value of Eo. In some 
cases, Q is varied to maintain a constant braking 
current. During this period, the control circuit 
continues to generate gate pulses for converter 1 
and the delay angle a, tracks a2 so that Ey, would 
be equal to Ego if the pulses were allowed to reach 
the gates (G1 to G6). 

If the motor only operates in quadrants 1 and 
4, it never reverses. Consequently, converters 1 
and 2 always act respectively as rectifier and in- 
verter. 





Figure 24-10 Precise 4-quadrant electronic speed con- 
trol is provided in a modern steel mill. 
(Siemens) - 


24-7 Two-quadrant control - two converters 
with circulating current 


Some industrial drives require precise speed and 
torque control right down to zero speed. This 
means that the converter voltage may at times be 
close to zero. Unfortunately, the converter current 
is discontinuous under these circumstances. In 
other words, the current in each thyristor no lon- 
ger flows for 120°. Thus, at low speeds, the torque 
and speed tend to be erratic, and precise control is 
difficult to achieve. 

To get around this problem, we use two con- 
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3-phase line 





converter 1 


converter 2 
Ly 


Figure 24-11 Two-quadrant control using two converters with circulating currents. 


verters that function simu/taneously. They are 
connected back-to-back across the armature. When 
one functions as a rectifier, the other functions as 
an inverter, and vice versa. The armature current J 
is the difference between currents [y, and Igo 
flowing in the two converters (Fig. 24-11). With 
this arrangement, the currents in both converters 
flow for 120°, even when J = 0. Obviously, with 
two converters continuously in operation, there is 
no delay at all in switching from one to the other. 
The armature current can be reversed almost in- 
stantaneously; consequently, this represents the 
most sophisticated control system available. It is 
also the most expensive. The reason is that when 
converters operate simultaneously, each must be 
provided with a large series inductor (L,, L,) to 
limit the ac circulating currents. Furthermore, the 


converters must be fed from independent sources, 
such as the isolated secondary windings of a 3- 
phase transformer. A typical circuit composed of a 
delta-connected primary and two wye-connected 
secondaries is shown in Fig. 24-11. Other trans- 
former circuits are sometimes used to optimize 
performance, to reduce cost, to enhance relia- 
bility or to limit short-circuit currents. 


Example 24-3: 

The de motor in Fig. 24-11 has an armature volt- 
age of 450 V while drawing a current of 1500 A. 
Converter 1 delivers a current J/g; of 1800 A, and 
converter 2 absorbs 300 A. If the ac line voltage 
for each converter is 360 V, calculate: 

a. the dc power associated with converters 1 and 

2 





b. the active power drawn from the incoming 3- 


phase line; 

c. the firing angles for converters 1 and 2; 

d. the reactive power drawn from the incoming 3- 
phase line. 


Solution: 
a. The dc power delivered by converter 1 is: 
Pi= Egilan 
= 450 x 1800 
= 810 kW 


The power absorbed by converter 2 (operating 
as an inverter) is: 


P,= Egola2 
450 x 300 
135 kW 


Note that the converter voltages are essentially 
identical because the voltage drops in ZL, and Ly 
are negligible. This means that the respective 
triggering of converters 1 and 2 cannot be volt- 
age-controlled (by Eo, for example). In effect, 
the triggering is current-controlled and is made 
to depend on the desired converter currents [44 
and [g9. 

b. The active power drawn from the incoming ac 


line is: 
P = P,-P, 
810 - 135 
= 675 kW 


Secondary winding 1, 2, 3 delivers 810 kW 
while secondary winding 7, 8, 9 receives 
135 kW. It follows that the net active. power 
drawn from the line (neglecting losses) is 
675 kW. 

c. The firing angle for converter 1 can be found 
from Eq. 23-14: 

Eq, =. 1.35 cos a, 


450 = 1.35 x 360 cos a, 
cosa, = 0.926 
.. ty = 22" 


The firing angle for converter 2 is found to have 
the same value. However, because it operates as 
an inverter, the angle is: 
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Q,= 180-a, 
= 180 - 22.2 
= 157.8 


Note that it would take a very small change in 
either a, or @ to make a very big change in /q1 
and Igo. This is why a, and @ are current-con- 
trolled. 


d. The reactive power drawn by converter 1 Is: 
QO,= P,tana, 
= 810 tan 22.2 
= 330 kvar 
The reactive power drawn by converter 2 is: 
QO,= Pz tan a 
= - 135 tan 157.8 
= 55 kvar 
Consequently, the reactive power drawn from 
the incoming 3-phase line ts: 
Q = Q,+Q, 
= 330+ 55 
385 kvar 


It is interesting to note that whereas the active 
powers substract, (P = P, - P,), the reactive 
powers add: (QO = Q,+Q,). The reason is that a 
naturally commutated converter always absorbs 
reactive power, whether it functions as a recti- 
fier or inverter. 


24-8 Two-quadrant control with positive torque 


So far, we have discussed various ways to obtain 
torque-speed control when the torque reverses. 
However, many industrial drives involve torques 
that always act in one direction, even when the 
speed reverses. Hoists and elevators fall into this 
category because gravity always acts downwards 
whether the load moves up or down. Operation is 
therefore in quadrants 1 and 2. 

Consider a hoist driven by a shunt motor having 
constant field excitation. The armature is con- 
nected to the output of a 3-phase, 6-pulse convert- 
er. When the load is being raised, the motor ab- 
sorbs power from the converter. Consequently, it 
acts as a rectifier (Fig. 24-12). The lifting speed de- 
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Figure 24-12 Hoist raising a load. 


pends directly upon converter voltage Eg. The ar- 
mature current depends upon the weight of the 
load. 

When the weight is being lowered, the motor re- 
verses, which changes the polarity of £o. However, 
the descending weight delivers power to the motor, 
and so it becomes a generator. We can feed the 
electric power into the ac line by making the con- 
verter act as an inverter. The gate pulses are simply 
delayed by more than 90°, and Eq is adjusted to 
obtain the desired current flow (Fig. 24-13). 





Figure 24-13 Hoist lowering a load. 


Hoisting and lowering can therefore be done in a 
stepless manner, and no field or armature reversal 
Is required. However, the empty hook may not de- 
scend by itself. The downward motion must then 
be produced by the motor, which means that 
either the field or armature has to be reversed. 


24-9 Four-quadrant control 


We can readily achieve 4-quadrant control of adc 
machine by using a single converter, combined 
with either field or armature reversal. However, a 
great deal of switching may be required. Four- 
quadrant control is possible without field or arma- 


ture reversal by using two converters operating 
back-to-back. They may function either alternate- 
ly or simultaneously, as previously described. 

The following example illustrates 4-quadrant 
control of an industrial drive. 


Example 24-4: 

An industrial drive has to develop the torque-speed 
characteristic given in Fig. 24-14. A dec shunt 
motor is used, powered by two converters oper- 
ating back-to-back. The converters function alter- 
nately (only one at a time). Determine the state of 
each converter over the 26-second operating peri- 
od, and indicate the polarity at the terminals of 
the dc machine. The speed and torque are consid- 
ered positive when acting clockwise. 


Solution: 

The analysis of such a drive is simplified by subdi- 
viding the torque-speed curve into the respective 4 
quadrants. In doing so, we look for those moments 
when either the torque or speed pass through zero. 
These moments always coincide with the transi- 
tion from one quadrant to another. Referring to 
Fig. 24-14, the speed or torque passes through 
zero at 2, 8, 15, 21, and 25s. 

We draw vertical lines through these points (Fig. 
24-15). We then examine whether the torque and 
speed are positive or negative during each interval. 
Knowing the respective signs, we can immediately 
state in which quadrant the motor is operating. 
For example, during the interval from 2s to 8s, 
both the torque and speed are positive. Conse- 
quently, the machine is operating in quadrant 1. 
On the other hand, in the interval from 21s to 
25s, the speed is negative and the torque positive, 
indicating operation in quadrant 2. 

Knowing the quadrant, we know whether the 
machine functions as a motor or generator. Final- 
ly, assuming that a positive (clockwise) speed cor- 
responds to a “‘positive’’ armature voltage (Fig. 
24-16a), we can deduce the required direction of 
current flow. This tells us which converter is in 
operation, and whether it acts as a rectifier or in- 
verter. 

Thus, taking the interval from 21 to 25 seconds, 
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Note: Clockwise speed and torque are positive. 


Figure 24-14 Torque-speed characteristic of an industrial drive. 
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Figure 24-15 See Example 24-4. 


it is clear that the machine acts as a generator. 
Consequently, one of the two converters must 
function as an inverter. But which one? To answer 
the question, we first look at the polarity of the 
armature. Because the speed is negative, the arma- 
ture polarity is negative, as shown in Fig. 24-16b. 


converter 1 converter 2 


Current flows out of the positive terminal because 
the machine acts as a generator. Only converter 1 
can carry this direction of current flow, and so it is 
the one in operation. 

A similar line of reasoning enables us to deter- 
mine the operating mode of each converter for the 





converter 1 converter 2 


Figure 24-16 a. Polarity when the speed is positive. b. Interval from 21s to 25s. 
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other intervals. The results are tabulated below; we 
encourage the reader to verify them. 





Operating mode 


Time 
interval converter 1 converter 2 
2-8s _ rectifier off 
8-15s off inverter 
15-215 off rectifier 
21-25s inverter otf 


24-10 DC traction 


Electric trains and buses have for years been de- 
signed to run on direct current, principally because 
of the special properties of the dc series motor. 
Many are now being modified to make use of the 
advantages offered by thyristors. Existing trolley 
lines still operate on dc and, in most cases, dc 
series motors are still used. To modify such sys- 
tems, high-power e/ectronic choppers are installed 
on board the vehicle (see Sec. 23-21). Such chop- 
pers can drive motors rated at several hundred 
horsepower, with outstanding results. To appreci- 
ate the improvement that has taken place, let us 
review some of the features of the older systems. 


A train equipped with, say, two dc motors, is 
started with both motors in series with an external 
resistor. As the speed picks up, the resistor is 


shorted out. The motors are then paralleled and 
connected in series with another resistor. Finally, 
the last resistor is shorted out, as the train reaches 
its nominal torque and speed. The switching se- 
quence produces small jolts, which, of course, are 
repeated during the electric braking process. Al- 
though a jolt affects passenger comfort, it also 
produces slippage on the tracks, with consequent 
loss of traction. The dc chopper overcomes these 
problems because it permits smooth and continu- 
ous control of torque and speed. We now study 
some simple chopper circuits used in conjunction 
with series motors. 

Figure 24-17 shows the armature and field of a 
series motor connected to the output of a chopper. 
Supply voltage E£; is picked off from two overhead 
trolley wires. The inductor-capacitor combination 
L,C, acts as a de filter, preventing the sharp cur- 


rent pulses /, from reaching the trolley line. The 
Capacitor can readily furnish these high current 
pulses. The presence of the inductor has a 
smoothing effect so that current J drawn from the 
line has a relatively small ripple. 

As far as the motor is concerned, the total in- 
ductance of the armature and series field is large 
enough to store and release the energy needed dur- 
ing the chopper cycle. Consequently, no external 
inductor is required. When the motor starts up, a 
low chopper frequency is used, typically 50 Hz. 
The corresponding “on” time TJ, is typically 
500 us. In many systems, 7, is kept constant while 
the switching frequency varies. The top frequency 
(about 2000 Hz) is limited by the switching and 
turn-off time of the thyristors. 


trolley wires 





Figure 24-17 


Direct-current series motor driven by a 
chopper. The chopper is not a switch as 
shown, but a force-commutated SCR. 





chopper 






series 
Sesdtvanaicl field 
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trolley wires 





Figure 24-18 a. 
See Example 24-5. 


Figure 24-18 b. 


Current pulses drawn by the chopper 
from the 700 V source when the motor 
si stalled. 


Other choppers function at constant frequency, 
but with a variable “‘on’”’ time 75. In still more so- 
phisticated controls, both the frequency and _ 
are varied. In such cases, J, may range from 20 Us 
to 800 us. Nevertheless, the basic chopper opera- 
tion remains the same, no matter how the on-off 
switching times are varied. Thus, the chopper out- 
put voltage £’g is related to the input voltage E, by 
the equation: 


Eo = EsfTs Eq. 23-11 
where 


fis the chopper frequency and T; the on” time. 


Example 24-5: 
A trolleybus is driven by a 150 hp, 1500 r/min, 
600 V series motor. The nominal full-load current 
is 200 A and the total resistance of the armature 
and field is 0.1 (2. The bus is fed from a 700 V de 
line. 

A chopper controls the torque and speed. The 
chopper frequency varies from 50 Hz to 1600 Hz, 
but the ‘‘on”’ time 7, is fixed at 600 us: 





chopper 


Ta + Tp 


|}«___17 500 ys +] 


600 us 
dak i Tb 


a. calculate the chopper frequency and the cur- 
rent drawn from the line when the motor is at 
standstill and drawing a current of 240A: 

b. calculate the chopper frequency when the 
motor delivers its rated output. 


Solution: 

a.1 Referring to Fig. 24-18a, the armature JR 
drop is 240A x 0.1 92 = 24 V, and the cemf 
is zero because the motor is at standstill. 

Consequently, £9 = 24 V, and EF, = 700 V. 
We can find the frequency from: 


Bo > Eft, Eq. 23-11 
24 = 700fx 600 x 10° 
f = 57.14Hz 
Ta+Tp = 1/f = 1/57.14 
= 17500us_ (Fig. 24-18b) 


a.2 dccurrent drawn from line is: 
I = I, = P/E, = 24 x 240/700 
= 8.23 A 


(Note the very low current drawn from the 
line during start-up) 
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trolley wires 
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(a) 
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Figure 24-19 a. Conditions when the motor is running at rated torque and speed. 


b. Corresponding current pulses drawn by the chopper from the 700 V source. 


b.1 At rated output, the voltage across the 
motor terminals is 600 V (Fig. 24-19a). 


Ey = HefT, Eq. 23-11 
600 = 700fx 600x 10° 
. f = 1429 Hz 
Ta+Tp = 1/f = 1/1429 
= 700us (Fig. 24-19b) 


Line current J = I, = P/E, 
600 x 200/700 
171A 


Example 24-6: | 
Referring to Example 24-5 and Fig. 24-18a, calcu- 


late the peak value of currents J, and J when the 


motor is at standstill. 


Solution: 

a. 1 Although the average value of /, is 8.23 A, 
its peak value is 240 A. The current flows in 
a series of brief, sharp pulses. On the other 
hand, the armature current is steady at 
240 A. | 

a.2 The average value of line current / is 8.23 A, 
but since it flows continuously, the peak val- 
ue is also 8.23 A. In practice, the current 
will have a ripple because inductor L does 
not have infinite inductance. Consequently, 


the peak value of J will be somewhat greater 


than the average value. 


24-11 Current-fed dc motor 


Some electronic drives. involve direct current 
motors that do not look at all like dc machines. 
The reason is that the usual rotating commutator 
is replaced by a stationary electronic converter. We 
now discuss the theory behind these so-called 
“‘commutatorless’” dc machines. 

Consider a 2-pole dc motor having 3 indepen- 
dent armature coils, A, B, and C spaced at 120° to 
each other (Fig. 24-20). The two ends of each coil 
are connected to diametrically opposite segments 
of a 6-segment commutator. Two narrow brushes 
are connected to a constant-current source that 
successively feeds current into the coils as the ar- 
mature rotates. A permanent magnet N, S creates 
the magnetic field. 

With the armature in the position shown, cur- 
rent flows in coil A and the resulting torque causes 
the armature to turn counterclockwise. As soon as 
contact is broken with this coil, it is immediately 
established in the next coil. Consequently, conduc- 
tors facing the N pole always carry currents that 
flow into the page, while those facing the S pole 
carry currents that flow out of the page (towards 
the reader). The motor torque is therefore contin- 
uous and may be expressed by: 


T = KIB 


(24-2) 


rotation 
aie 





Figure 24-20 Special current-fed dc motor. 


where 

T = motor torque [N-m] 

I = current in the conductors [A] 

B = average flux density surrounding the 
current-carrying conductors [T] 

kK = a constant, dependent upon the number 
of turns per coil, and the size of the arma- 
ture 


If the current and flux density are fixed, the re- 
sulting torque is also fixed, independent of motor 
speed. 

The commutator segments are 60° wide; conse- 
quently, the current in each coil flows in 60° 
pulses. Furthermore, the current reverses every 
time the coil makes half a turn (Fig. 24-21). The 
alternating nature of the current is of crucial im- 
portance. If the current did not alternate, the 
torque developed by each coil would act first in 
One, then the opposite direction, as the armature 
rotates. The net torque would be zero, and so the 
motor would not develop any power. 

Figure 24-21 shows that the ac currents in the 3 
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Figure 24-21 Thedc current changes to ac in the coils. 


coils are out of phase by 120°. Consequently, the 
armature behaves as if it were excited by a 3-phase 
source. The only difference is that the current 
waveshapes are rectangular instead of sinusoidal. 
Basically, the commutator acts as a mechanical 
converter, changing the dc current from the dc 
source into ac current in the coils. The frequency 
is given by: 

f = pn/120 (24-3) 
where p is the number of poles and 7 the speed 
[r/min]. The frequency in the coils is automatical- 
ly related to the speed because the faster the ma- 
chine rotates, the faster the commutator switches 
from one coil to the next. In effect, the commuta- 
tor generates a frequency which at all times ts ap- 
propriate to the speed. 

As the coils rotate, they cut across the magnetic 
field created by the N, S poles. An ac voltage is 
therefore induced in each coil, and its frequency is 
also given by Eq. 24-3. Furthermore, the voltages 
are mutually displaced at 120° owing to the way 
the coils are mounted on the armature. The in- 
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duced ac voltages appear as a dc voltage between 
the brushes. The reason is that the brushes are al- 
ways in contact with coils that are moving in the 
same direction through the magnetic field; conse- 
quently, the polarity is always the same (see Sec. 
2-14). 

If the brushes were connected to a dc vo/tage 
source E, the armature would accelerate until the 
induced voltage Ey is about equal to F (Sec. 15-2). 
What determines the speed when the armature is 
fed from a current source, as it is in our case? The 
speed will increase until the load torque is equal to 
the torque developed by the motor. Thus, while 
the speed of a voltage-fed armature depends upon 
equilibrium between induced voltage and applied 
voltage, the speed of a current-fed armature de- 
pends upon equilibrium between motor torque 
and load torque. The torque of a mechanical load 
always rises with increasing speed. Consequently, 
for a given motor torque, a state of torque equi- 
librium is always reached, provided the speed is 
high enough. Care must be taken so that current- 
fed motors do not run away when the load torque 
is removed. 


24-12 Commutator replaced by reversing switches 


Recognizing that each coil in Fig. 24-20 carries an 
alternating current, we can eliminate the commu- 


tator by connecting each coil to a pair of slip rings 
and bringing the leads out to a set of mechanical 
reversing switches (Fig. 24-22). Each switch has 4 
normally open contacts. Considering coil A, for 
example, switch contacts 7 and 8 are closed during 
the 60° interval when coil side 1 faces the N pole 
(Fig. 24-23). The contacts are then open for 120° 
until coil side 4 faces the N pole, whereupon con- 
tacts 9 and 10 close for 60. Consequently, by 
synchronizing the switch with the pos/tion of coil 


slip rings 





Figure 24-23 Circuit showing how current is controlled 
in coil A. 





thyristors 


current 
source 


A, we obtain the same result as if we used a com- 
mutator. 

Coils B and C operate the same way, but they 
are energized at different times. Figure 24-22 
shows how the array of 12 contacts and 6 slip 
rings are connected to the current source. The re- 
versing switches really act as a 3-phase mechanical 
inverter, changing dc power into ac power. The 
slip rings merely provide electrical contact be- 
tween the revolving armature and the stationary 
switches and power supply. 

Clearly, the switching arrangement of Fig. 
24-22 is more complex than the original commuta- 
tor. However, we can simplify matters by making 
the armature stationary and letting the permanent 
magnets rotate. By thus literally turning the ma- 
chine inside out, we can eliminate 6 slip rings. 
Then, as a final step, we can replace each contact 
by a thyristor (Fig. 24-24). The 12 thyristors are 
triggered by gate signals that depend upon the in- 
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Figure 24-24 


The armature is now the stator, and 
the switches have been replaced by 
SCRs. 


stantaneous position of the revolving rotor. 

The dc motor in Fig. 24-24 looks so different 
from the one in Fig. 24-20 that we would never 
suspect they have the same properties. And yet 
they do. 

For example: 

1. If we increase the dc current J or the field 
strength of poles N, S, the torque increases, and 
consequently, the speed will increase. 

2. If we shift the brushes against the direction of 
rotation in Fig. 24-20, current will start flowing 
in each coil a little earlier than before. Conse- 
quently, the ac current in each coil will /ead the 
ac voltage induced across its terminals. We can 
produce exactly the same effect by firing the 
thyristors a little earlier in Fig. 24-24. Under 
these circumstances, the machine furnishes 
reactive power to the three thyristor bridges, at 
the same time as it absorbs active power from 
them. 
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3. If we shift the brushes by 180°, the current in 
each co// flows in the opposite direction to that 
shown in Fig. 24-20. However, the induced 
voltage in each coil remains unchanged because 
it depends only on the speed and direction of 
rotation. Consequently, the machine becomes a 
generator, feeding dc power back into the cur- 
rent source. 

The same result occurs if we fire the thy- 
ristors 180° later in Fig. 24-24. The thyristors 
then behave as inverters feeding power back to 
the dc current source. 

It is now clear that the machines in Figs. 24-20 
and 24-24 behave the same way. The only differ- 
ence between them is that one is equipped with a 
rotating mechanical commutator, while the other 
has a stationary electronic commutator composed 
of 12 thyristors. By firing the thyristors earlier or 
later, we produce the same effect as shifting the 
brushes. 


24-13 Synchronous motor 
as a commutatorless dc machine 


The revolving-field motor in Fig. 24-24 is built like 
a 3-phase synchronous motor. However, because 
of the way it receives its ac power, it behaves like a 
“commutatorless’’ dc machine. This has a pro- 
found effect upon its performance. 

First, the ‘synchronous motor’ can never pull 
out of step because the stator frequency is not 
fixed, but changes automatically with speed. The 
reason is that the frequency produced by the SCRs 
depends upon the speed of the rotor. For the same 
reason, the machine has no tendency to oscillate 
or hunt, under sudden load changes. 

Second, the phase angle between the ac current 
in a winding and the ac voltage across it can be 
modified by altering the timing of the gate pulses. 
This enables the synchronous motor to operate at 
leading, lagging, or unity power factor. 

Third, because the phase angle between the re- 
spective voltages and currents can be fully con- 
trolled, the machine can even function as a gener- 
ator, feeding power back to the dc current source. 


The thyristor bridges then operate as inverters. 

Currents 74, i, 13 in Fig. 24-24 flow only during 
60 degree intervals, as they did in the original dc 
machine. In practice, the conduction period can be 
doubled to 120°, by connecting the coils in wye 
and exciting them by a 3-phase, 6-pulse converter 
(Fig. 24-25). This reduces the number of thyristors 
by half. Furthermore, it improves the current-car- 
rying capacity of the windings because the dura- 
tion of current flow is doubled. Gate triggering is 
again dependent upon the position of the rotor. 
The phase angle between line voltage /, and line 
current J is modified by firing the gates earlier or 
later. In the circuit of Fig. 24-25, the power factor 
of the motor has to be slightly leading to provide 
the reactive power absorbed by the converter. 

As a matter of interest, the converter and 
motor of Fig. 24-25 could be replaced by the dc 
motor shown in Fig. 24-26. The armature coils are 
connected in wye and the 3 leads are soldered to a 
3-segment commutator. The respective voltages 
and currents are identical in the two figures. 


24-14 Standard synchronous motor 
and commutatorless dc machine 


The machine shown in Fig. 24-25 can be made to 
function as a conventional synchronous motor by 
applying a fixed frequency to the SCR gates. 
Under these conditions, the input to the gate trig- 
gering processor no longer depends on rotor posi- 
tion or rotor speed. 

Obviously then, the behavior of the machine as 
a commutatorless dc motor or synchronous motor 
depends upon the way the gates are fired. If the 
triggering frequency is constant, the machine acts 
as a synchronous motor. On the other hand, if the 
triggering frequency depends on the speed of the 
rotor, it behaves like a commutatorless dc motor. * 


_ ™ Readers familiar with feedback theory will recognize 


that the basic distinction between the two machines is 
that one functions on open loop while the other oper- 
ates on closed loop. 


ELECTRONIC CONTROL OF DC MOTORS 499 


“synchronous” 


current 
source 





ewe credscccnsnccccnancecsccncn 


pn ate eucccccccccscs _ rotor 


triggering i position 
i processor i<jt— other in puts 
Le scceceseuteneneusesscecccscsccsccses Ry 


Figure 24-25 Commutatorless dc motor being driven by a converter. 


rotation 





Figure 24-26 This elementary dc motor is equivalent to the entire circuit of Fig. 24-25. 
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24-15 Synchronous motor drive 
using current-fed dc link 


Figure 24-27 shows a typical commutatorless dc 
motor circuit. It consists of two converters con- 
nected between a 3-phase source and the synchro- 
nous motor. Converter 1 acts as a controlled recti- 
fier, feeding dc power to converter 2. The latter 
behaves as a naturally commutated inverter whose 
ac voltage and frequency are established by the 
motor. 


converter 1 


converter 2 





Gate triggering of converter 1 is done at line 
frequency (60 Hz) while that of converter 2 is 
done at motor frequency. 

With regard to controls, information picked off 
from various points is assimilated in the gate trig- 
gering processors which then send out appropriate 
gate firing pulses to converters 1 and 2. Thus, the 
processors receive information as to desired speed 
of rotation, actual speed, instantaneous rotor posi- 
tion, stator voltage, stator current, field current, 
etc. They interpret whether these inputs represent 
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Figure 24-27 Commutatorless dc motor driven by a converter with a dc link. The output frequency can be considerably 
greater than 60 Hz, thus permitting high speeds. 


A smoothing inductor ZL maintains a ripple-free 
current in the so-called dc /ink between the two 
converters. Current J is controlled by converter 1, 
which acts as a current source. A smaller bridge 
rectifier (converter 3) supplies the field excitation 
for the rotor. 

Converter 2 is naturally commutated by volt- 
age L’, induced across the terminals of the synchro- 
nous motor. This voltage is created by the re- 
volving magnetic flux in the air gap. The flux de- 
pends upon the stator currents and the exciting 
current /;. The flux is usually kept fixed; conse- 
quently, the induced voltage &, is proportional to 
the motor speed. 


normal or abnormal conditions, and emit appro- 
priate gate pulses to correct the situation or to 
meet a specific command. 

The gate pulses of converter 2 are controlled by 
the position of the rotor. This is accomplished by 
a set of transducers mounted on the stator next to 
the air gap. Other methods employ position trans- 
ducers mounted on the end of the shaft. Owing to 
this method of gate control, the synchronous 
motor acts as a commutatorless dc machine. The 
motor speed may be increased by raising either the 
de link current J or the field current /¢. 

Stator voltage /’, produces a dc emf given by: 


FE, = 1.35 EF, cos a Eq. 23-14 


Ff, = dc voltage generated by converter 2 [V] 

Ey = effective line-to-line stator voltage [V] 

QA firing angle of converter 2 [°] 

Similarly, the voltage produced by converter 1 
is given by: 


ll 


FE, = 1.35 Fy cos a, 


Link voltages /'; and FE, are almost equal, dif- 
fering only by the negligible ZR drop in the in- 
ductor. Firing angle a, is automatically controlled 
so that the magnitude of the link current is just 
sufficient to develop the required torque. 

The stator line current J, flows in 120° rectan- 
gular pulses, as shown in Fig. 24-28. These step- 
like currents produce a revolving MMF that moves 
in jerks around the armature. This produces torque 
pulsations, but they are almost completely damped 
out (except at low speeds) owing to the inertia of 
the rotor. The shaft therefore turns smoothly 
when running at rated speed. 





Figure 24-28 Typical voltage and current waveshapes in 
Fig. 24-27. 


The motor line-to-neutral voltage EZ. and line 
voltage &, are essentially sinusoidal. The field cur- 
rent, line current, and triggering are adjusted so 
that line current J, leads the line-to-neutral voltage 
(Fig. 24-28). The reason is that the synchronous 
motor must opérate at leading power factor to 
supply the reactive power absorbed by converter 2. 

Converter 1 is designed so that under full-load 
conditions, firing angle a, is about 15° to minimize 
the reactive power drawn from the ac line. 

Regenerative braking is accomplished by 
shifting the gate firing pulses so that converter 2 
acts as a rectifier while converter 1 operates as an 
inverter. The polarity of &, and £, reverses, but 
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the link current continues to flow in the same di- 
rection. Power is therefore pumped back into the 
ac line and the motor slows down. During this pe- 
riod, the machine functions as a commutatorless 
dc generator. 

Starting the motor creates a problem, because 
the stator voltage F is zero at standstill. Conse- 
quently, no voltage is available to produce the nat- 
ural commutation of converter 2. To get around 
this difficulty, the converters are fired in such a 
way that short current pulses flow successively in 
phases ab, bc, and ca. The successive pulses create 
N, S poles in the stator that are always just ahead 
of their opposite poles on the rotor. Like a dog 
chasing its tail, the rotor accelerates and, when it 
reaches about 10 percent of rated speed, converter 
2 takes over and commutation takes place normal- 
ly. This pulse mode of operation can also be used 
to continually brake the motor as it approaches 
zero speed. 

The speed control of synchronous motors using 
a current-fed dc link is applied to motors ranging 
from 1kW to several megawatts. Permanent- 
magnet synchronous motors for the textile indus- 
try and brushless synchronous motors for nuclear 
reactor circulating pumps are two examples. 
Pumped-storage hydropower plants also use this 
method to bring the huge synchronous machines 
up to speed so that they may be smoothly syn- 
chronized with the line. 


24-16 Synchronous motor and cycloconverter 


We have seen that cycloconverters can directly 
convert ac power from a higher frequency to a 
lower frequency (Sec. 23-19). These converters are 
sometimes used to drive slow-speed commutator- 
less dc motors rated up to several megawatts. If a 
60 Hz source is used, the cycloconverter output 
frequency is typically variable from zero to 10 Hz. 
Such a low frequency permits excellent control of 
the wave-shape of the output voltage by computer- 
controlled firing of the thyristor gates. As in drives 
with a dc link, no forced commutation is needed, 
with the result that the complexity of the elec- 
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Figure 24-29 Cycloconverter driving a commutatorless dc machine. The output voltage associated with phase A is a slow- 


ly changing sine wave having a frequency of 6 Hz, which is 10 times less than the supply frequency. Thy- 
ristors Q1 to Q12 are triggered so as to track the desired sine wave as closely as possible. This produces the 
saw-tooth output voltage shown in Fig. 24-30. The power factor at the input to the motor is assumed to be 
unity. The corresponding power factor at the input to the cycloconverter is less than unity, owing to the 
delay angles. 


tronics surrounding each SCR is considerably re- 
duced. 

Figure 24-29 shows three cycloconverters con- 
nected to the wye-connected stator of a 3-phase 
synchronous motor. Each cycloconverter produces 
a single-phase output, based upon the principle ex- 
plained in Sec. 23-19. Referring to phase A, the 
associated cycloconverter is composed of two 3- 
phase bridges, +A and -A, each fed by the same 3- 
phase 60 Hz line. 

Bridge +A generates the positive half cycle for 
line 1, while bridge -A generates the negative half. 
The two bridges are prevented from operating at 
the same time so as to eliminate circulating cur- 
rents between them. The resulting low-frequency 
wave is composed of segments of the original 
60 Hz voltage. By appropriate gate firing, the low 
frequency voltage can be made to approach a sine 
wave quite closely (Fig. 24-30). However, to re- 
duce the reactive power absorbed from the 60 Hz 
line, the output voltage is usually designed to have 
a trapezoidal, flat-topped, wave-shape. 

Both the cycloconverter and the 3-phase con- 
trolled rectifier supplying field current /¢ function 
as current sources. The magnitudes of the stator 
currents and of J+ are controlled so as to keep a 
constant flux in the air gap. Furthermore, the gate 
pulses are timed so that the motor operates at uni- 
ty power factor. However, even at unity power 
factor, the cycloconverter absorbs reactive power 
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from the 60 Hz line. The input power factor is 
typically 85 percent when the motor runs at rated 
power and speed. 

Figure 24-31 shows a large slow-speed synchro- 
nous motor that is driven by a cycloconverter. The 
speed can be continuously varied from zero to 
15 r/min. The low speed permits direct drive of 
the ball-mill without using a gear reducer. The 
motor is stopped by altering the gate firing so as to 
feed power back into the ac line. 

Similar high-power low-speed systems are being 
introduced as propeller drives on board ships. 


24-17 Cycloconverter voltage 
and frequency control 


Returning to Fig. 24-30, we can see that the low- 
frequency output voltage is composed of selected 
segments of the ac line voltage. The segments are 
determined by the gate firing of the SCRs. The 
triggering is identical to that of a conventional 6- 
pulse rectifier, except that the firing angle is con- 
tinually being varied so as to obtain an output 
voltage that approaches the desired sine wave. Dur- 
ing the positive half cycle, thyristors Q1 to O6 are 
triggered in sequence, followed by thyristors Q7 to 
Q12 for the negative half cycle. In our example, 
the low-frequency output voltage has the same 
peak amplitude as the 3-phase line voltage; conse- 
quently, it has the same effective value. The fre- 
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Figure 24-30 Voltage between lines a and N of Fig. 24-29. 
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Figure 24-31. a. Stator of a 3-phase synchronous motor rated 6400 kW (8576 hp), 15 r/min, 5.5 Hz, 80°C used to drive 
a ball-mill in a cement factory. The stator is connected to a 50 Hz cycloconverter whose output frequen- 
cy is variable from zero to 5.5 Hz. Internal diameter of stator: 8000 mm; active length of stacking: 


950 mm; slots: 456. (Brown Boveri) 
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Figure 24-31 b. 


The 44 rotor poles are directly 
mounted on the ball-mill so as to 
eliminate the need of a gear box. The 
two slip rings on the right-hand side 
of the poles bring the dc current into 
the windings. 





Figure 24-31 c. 

End view of the ball-mill showing the 
enclosed stator frame in the back- 
ground. The mill contains 470 tons 
of steel balls and 80 tons of crushable 
material. The motor is cooled by 
blowing 40 000 m? of fresh air over 
the windings, per hour. (Brown 
Boveri) 
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Figure 24-32 Waveshape of the output voltage Ey in Fig. 24-29, at a frequency of 20 Hz. The effective Output voltage 
has the same value as the effective input voltage between the 3-phase lines. 


quency is 1/10 of the line frequency, or 6 Hz ona 
60 Hz system. 

We can gain a better understanding of the trig- 
gering process by referring to Fig. 24-32. In this 
case, the output frequency is 20 Hz on a 60 Hz 
system. The 60 Hz line voltages are indicated, as 
well as the firing sequence for the various SCRs. 
Although the resulting waveshape is very jagged, it 
does follow the general shape of the desired sine 
wave (shown dotted). The gate triggering times are 
quite irregular (not evenly spaced) to obtain the 
desired output voltage. That is why the firing pro- 
gram has to be under computer control. 

If this 20 Hz voltage is applied to the motor of 
Fig. 24-29, the resulting current will be a reason- 
ably good sine wave. In effect, the inductance of 
the windings smooths out the ragged edges that 
would otherwise be produced by the saw-tooth 
voltage wave. 

To reduce the speed, both the frequency and 


voltage have to be reduced in the same proportion. 
Thus, in Fig. 24-33, the frequency is now 10 Hz 
and the amplitude of the output voltage is also re- 
duced by one half. The gate pulses are altered ac- 
cordingly and, as we can see, a very jagged voltage 
is produced. Nevertheless, the current flowing in 
the windings will still be quite sinusoidal. A low 
output voltage requires a large firing angle delay, 
which in turn, produces a very low power factor 
on the 60 Hz line. 

Although we have only discussed the behavior 
of phase A, the same remarks apply to phases B 
and C in Fig. 24-27. The gate firing is timed so 
that the low-frequency line curents Jz, Ip, I¢ are 
mutually out of phase by 120°. 

The cycloconverter drive is excellent when high 
starting torque and relatively low speeds are 
needed. However, it is not suitable for frequencies 
exceeding one half the system frequency. In such 
cases we use drives with a dc link, as previously 
discussed. 
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Figure 24-33 Waveshape of Ean in Fig. 24-29 at a frequency of 10 Hz. The SCRs are triggered later in the cycle so that 
the effective value of the output voltage is only half that between the 3-phase lines. As a result, the flux in 
the air gap is the same in this figure as it is in Fig. 24-32. 


QUESTIONS AND PROBLEMS 
Practical level 


24-1 State in which quadrants a machine Operates: 
a. as a brake; b. as a motor; c. as a generator. 

24-2 A machine is turning clockwise in quadrant 
3. Does it develop a clockwise or counter- 
clockwise torque? 

24-3 A 2-pole dc motor runs at 5460 r/min. What 
is the frequency of the voltage induced in 
the coils? 

24-4 Referring to Fig. 24-4, the converter is con- 
nected to a 3-phase 480 V, 60 Hz line and 
the delay angle is set at 15°. Switch S is 
closed and the armature current is 270A. 
Calculate: 

a. the dc voltage across the armature: 
b. the power supplied to the motor: 


c. the average current in each diode: 
d. the power output [hp] if the armature 
circuit has a resistance of 0.07 QQ. 
24-5 Explain why the field or armature has to be 
reversed in order that the converter in Fig. 
24-4 may feed power back into the ac line. 
24-6 Compare the basic behavior of the power 
circuit of Fig. 24-8 with that of Fig. 24-11. 
24-7 What is meant by the term commutatorless 
de machine? Describe its construction and 
principle of operation. 


Intermediate level 


24-8 a. It is impossible for a machine to instanta- 
neously change from a point in quadrant 
1 to point in quadrant 2. Why? 
b. Can it move instantaneously from quad- 
rant 1 to quadrant 4? 
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24-9 A 4-pole, shunt-wound de motor has an ar- 


mature circuit resistance of 4 Q2. It is con- 

nected to a 240 V dc source and the no-load 

speed is 1800 r/min; the corresponding ar- 

mature current is negligible. Assuming con- 

stant field excitation and assuming that ar- 

mature reaction effects can be neglected, cal- 

culate: 

a. the armature current at 900 r/min; 

b. the mechanical power output [hp] at 

1200 r/min; 

the torque [N-m] at 300 r/min; 

d. the starting torque [ft-lb]. 

e. Draw the torque-speed curve that passes 
through quadrants 1, 2 and 4 (see Fig. 
24-3). 


: 


24-10 a. In Problem 24-9, draw the torque-speed 


curve if 60 V is applied to the armature, 
while maintaining the same field excita- 
tion; 

b. what is the frequency of the current in 
the armature coils at a speed of 
300 r/min? 


24-11 The motor shown in Fig. 24-4 has a shunt 


field rated at 180 V, 2A. 

a. Calculate the effective value of the 60 Hz 
ac voltage that should be applied to the 
single-phase bridge circuit; 

b. what is the peak-to-peak voltage ripple 
across the field terminals? 

c. Does the field current contain a substan- 
tial ripple? Explain. 

d. Draw the waveshape of the current in the 
ac line. 

e. What is the effective value of the ac line 
current? 


24-12 A 10hp, 240 V, 1800 r/min permanent 


magnet dc motor has an armature resistance 
of 0.402 and a rated armature current of 
35 A. It is energized by the converter shown 
in Fig. 24-4. If the ac line voltage is 208 V, 
60 Hz and the motor operates at full-load, 
calculate: 

a. the delay angle required so that the motor 

operates at its rated voltage; 


b. the reactive power absorbed by the con- 
verter; 

c. the effective value of the line currents. 

d. The induced voltage Ey at 900 r/min. 


94-13 The motor in Problem 24-12 is started at 


reduced voltage, and the starting current is 

limited to 60 A. Calculate: 

a. the delay angle required; 

b. the reactive power absorbed by the in- 
verter; 

c. does inductor L absorb reactive power 
from the ac line? 


24-14 Referring to Fig. 24-8, an ac ammeter in- 


serted in series with line 1 gives a reading of 

280 A. Furthermore, a 3-phase power factor 

meter indicates a lagging power factor of 

0.83. Calculate: 

a. the value of the de load current Jy; 

b. the approximate delay angle if converter 
1 is operating alone as an inverter. 


24-15 The hoist motor shown in Fig. 24-12 is 


lifting a mass of 5000 Ib at a constant speed 

of 400 ft/min. 

a. Neglecting gear losses, calculate the value 
of FE’) if the armature current J/g is 150 A. 

b. Knowing that R, = 0.1 Q, calculate the 
value of converter voltage Eg. 

In Problem 24-15 (and referring to Fig. 
24-12), if the same mass is lowered at a con- 
stant speed of 100 ft/min, calculate: 

a. the armature current and its direction; 

b. the value of £9 and its polarity; 

c. the value of Fg and its polarity. 

d. In which direction does the active power 
flow in the ac line? 

In Problem 24-15, if the mass is simply 
held still in midair, calculate: 

a. the value of £9; 
b. the armature current Jy; 
c. the value and polarity of Eg. 


24-18 If the 3-phase line voltage is 240 V, 60 Hz, 


calculate the delay angle required: 
a. in Problem 24-16; 
b. in Problem 24-17. 
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24-19 a. Referring to Fig. 24-18a, calculate the rating of 50 hp, 30 000 r/min, 460 V, 60A, 


average current and also the peak cur- 
rent carried by the freewheeling diode; 
b. what is the PIV across the diode? 


24-20 An electronic chopper is placed between a 


600 V dc trolley wire and the armature of a 

series motor. The switching frequency is 

800 Hz and each power pulse lasts for 

400 us. If the de current in the trolley wire 

is 80 A, calculate: 

a. the armature voltage; 

b. the armature current; 

c. draw the waveshape of the current in the 
freewheeling diode, assuming the arma- 
ture inductance is high. 


90 percent power factor leading. When the 
motor delivers its rated output, the delay 
angle for converter 2 is 155°. If the available 
60 Hz line voltage is 575 V, calculate: 

a. the triggering frequency of converter 2; 
b. the dc link voltage; 

c. the delay angle of converter 1; 

d. the dc link current if the motor draws an 
input power of 41.5 kW; 

the fundamental ripple frequency in £4; 
the fundamental ripple frequency in £3; 
the power factor of the 60 Hz line; 

. the effective value of J;; 

show the flow of active and reactive pow- 
er in the converters. 


- 7>eaQ m Oo 


Advanced level 


24-23 The following specifications are given for 


24-21 Referring to Fig. 24-11, the cemf £o has the motor shown in Fig. 24-20: 


the polarity shown when the armature turns armature diameter: 100 mm 
clockwise. Furthermore, when the armature armature axial length: 50 mm 
current actually flows in the direction shown turns per coil: 200 

and the machine is turning clockwise, it op- rotational speed: 840 r/min 
erates in quadrant 1. State whether convert- flux density in air gap: 0.5 T 

ers 1 and 2 are acting as rectifiers or inverters armature current: 5A 


when the machine operates: 

a. in quadrant 2; 

b. in quadrant 3; 

c. in quadrant 4. 

d. Make a sketch of the actual direction of 
current flow and the actual polarity of Eg 
in each case. 


24-22 A 50hp dc motor is required to drive a 


centrifuge ata speed ranging between 18 000 
and 30000 r/min. Owing to commutation 
problems associated with a standard commu- 
tator at these speeds, it is decided to use a 
commutatorless dc motor driven by two 
converters with a dc link (Fig. 24-27). A 2- 
pole motor is selected having a nominal 


Using this information, calculate: 

the voltage induced in each coil; 

. the dc voltage between the brushes; 

the frequency of the voltage in each coil; 
. the frequency of the current in each coil; 
. the power developed by the motor; 

the torque exerted by the motor. 


7 oOo fo. oO ? 


24-24 a. Referring to Fig. 24-17, what would be 


the effect if capacitor C,; were removed? 

b. In Fig. 24-18a, calculate the approxi- 
mate value of capacitor C, [uF] so that 
the voltage across it does not drop by 
more than 50 V during the time of a 
current pulse. 
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We saw in Chapter 24 that the electronic control 
of dc motors enables us to obtain high efficiency 
at all torques and speeds. Full 4-quadrant control 
is possible to meet precise high-speed industrial 
standards. The same remarks apply to the electron- 
ic control of ac motors. Thus, we find that squirrel- 
cage and wound-rotor induction motors, as well as 
synchronous motors, lend themselves well to elec- 
tronic control. Whereas dc machines are controlled 
by varying the voltage and current, ac machines 
are often controlled by varying the voltage and 
frequency. Now we may ask, if dc machines do 
such an outstanding job, why do we also use ac 
machines? There are several reasons: 
1. AC machines have no commutators; conse- 
quently, they require less maintenance; 
2. AC machines cost less (and often weigh less) 
than dc machines; 
3. AC machines are more rugged and work better 
in hostile environments. 

In this chapter, we cover 3-phase motor con- 
trols, in keeping with the power emphasis of the 
book. However, the reader should first review the 
basic principles covered in Chapters 23 and 24. 


510 


25-1 Types of ac drives 


Although there are many kinds of electronic ac 
drives, the majority can be grouped under the fol- 
lowing broad classes: 

1. Static frequency changers 

2. Variable voltage controllers 


3. Rectifier - inverter systems with natural com- 
mutation 
4. Rectifier - inverter systems with self-commuta- 


tion 


Static frequency changers convert the incoming 
line frequency directly into the desired load fre- 
quency. Cycloconverters fall into this category, 
and they are used to drive both synchronous and 
squirrel-cage induction motors. 

Variable voltage controllers enable speed and 
torque control by varying the ac voltage. They are 
used in squirrel-cage and wound-rotor induction 
motors. This method of speed control is the least 
expensive of all, and provides a satisfactory solu- 
tion for small and medium-power machines used 
on fans, centrifugal pumps and electric hoists. 
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Rectifier - inverter systems rectify the incoming 
line frequency to dc, and the dc is reconverted to 
ac by an inverter. The inverter may be self-com- 
mutated, generating its own frequency, or it may 
be naturally commutated by the very motor it 
drives. Such rectifier-inverter systems with a dc 
link are used to control squirrel-cage and wound- 
rotor inductor motors and, in some cases, synchro- 
nous motors. 

To better understand the basic principles of 
electronic control, we will first show how variable 
frequency affects the behavior of a squirrel-cage 
induction motor. 
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that the synchronous speed depends on the fre- 
quency. The question now arises, how is the 
torque-speed curve affected when both the voltage 
and frequency are varied? In practice, they are var- 
ied in the same proportion so as to maintain a con- 
stant flux in the air gap. Thus, when the frequency 
is doubled, the stator voltage is doubled. Under 
these conditions, the shape of the torque-speed 
curve remains the same, but its position along the 
speed axis shifts with the frequency. 

Figure 25-1 shows the torque-speed curve of an 
15hp, (11 kW) 3-phase, 460 V, 60 Hz squirrel- 
cage induction motor. The full-load speed and - 
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Figure 25-1 Torque-speed curve of a 15 hp, 460 V, 60 Hz, 3-phase squirrel-cage induction motor. 


25-2 Shape of the torque-speed curve 


The torque-speed curve of a 3-phase squirrel-cage 
induction motor depends upon the voltage and fre- 
quency applied to the stator. We already know 
that if the frequency is fixed, the torque varies as 
the square of the applied voltage. We also know 


torque are respectively 1725 r/min and 60 N-m; 
the breakdown torque is 160 N-m and the locked 
rotor torque is 80 N-m. 

If we reduce both the voltage and frequency to 
one fourth their original value (115 V and 15 Hz), 
the new torque-speed curve is shifted towards the 
left. The curve crosses the axis at a synchronous 
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speed of 1800/4 = 450 r/min (Fig. 25-2). Similar- N-m 
ly, if we raise the voltage and frequency by 50 per- 
cent (690 V, 90 Hz}, the curve is shifted to the 
right and the new synchronous speed is 
2700 r/min. 

Even if we bring the frequency down to zero 
(dc), the torque-speed curve retains essentially the 
same shape. Current can be circulated in any two 
lines of the stator leaving the third line open. The 
motor develops a symmetrical braking torque that 
increases with increasing speed,reaching a maxi- a6 
mum in both directions, as shown in Fig. 25-3. In 
this figure, the de current in the windings is ad- 
justed to produce the rated breakdown torque. 

Because the shape of the torque-speed curve is 
the same at all frequencies, it follows that the 
torque developed by an induction motor is the 
same whenever the slip speed (in r/min) is the 
same. 






600 1200 r/min 


——» speed 


160 


Figure 25-3 Stator excited by dc current. 


b. the new speed at a torque of 110 N-m. 
Example 25-1: 


A standard 3-phase, 10hp, 575 V, 1750 r/min, Solution: 

60 Hz squirrel-cage induction motor develops a a. The voltage must be reduced in proportion 
torque of 110 N-m at a speed of 1440 r/min. If the to the frequency. 

motor is excited ata frequency of 25 Hz, calculate: E = (25/60) x 575 = 240 V 

a. the required stator voltage to maintain the same b. 1 The synchronous speed of the 4-pole, 60 Hz 


flux in the machine; motor is obviously 1800 r/min. Consequent- 
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Figure 25-4 Current-speed curve at 60 Hz and 15 Hz. Also 7-n curve at 460 V, 60 Hz. 


ly, the slip speed at a torque of 110 N-m is: 
Ny= nNg-n 
= 1800 - 1440 = 360r/min 
b.2 The slip speed is the same for the same 
torque, irrespective of the frequency. The 
synchronous speed at 25 Hz is: 
Ng = (25/60) x 1800 = 750 r/min 
b.3 The new speed at 110 N-m is: 
n = 750-360 = 390r/min 


25-3 Current-speed curves 


The current-speed characteristic of an induction 
motor is a V-shaped curve having a minimum value 
at synchronous speed. The minimum is equal to 
the magnetizing current needed to create the flux 
in the machine. Because the flux is intentionally 
kept constant, the magnetizing current is the same 
at all synchronous speeds. 

Figure 25-4 shows the current-speed curve of 
the 15 hp, 460 V, 60 Hz squirrel-cage induction 
motor mentioned previously. We have plotted the 
effective values of current; consequently, the cur- 
rent is always positive. The locked rotor current is 
120 A and the corresponding torque is 80 N-m. 

If the stator voltage and frequency are varied in 
the same proportion, the current-speed curve re- 


tains the same shape, but shifts along the horizon- 
tal axis. In effect, the torque-speed and current- 
speed curves move in unison as the frequency is 
varied. This produces a very important result. 
Suppose, for example, that the voltage and fre- 
quency are reduced by 75 percent to 115 V, 15 Hz. 
The locked rotor current decreases to 80 A, but 
the corresponding torque increases to 160 N-m, 
equal to the full breakdown torque. Thus, by re- 
ducing the frequency, we obtain a larger torque 
with a smaller current (Fig. 25-5). This is one of 
the big advantages of frequency control. In effect, 


—- stator current 
——-» torque 





0 300 600 900 1200 1500 1800 r/min 


——— > speed 


Figure 25-5 The starting torque increases and the cur- 
rent decreases with decreasing frequency. 
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we can gradually accelerate a motor and its load 
by progressively increasing the voltage and fre- 
quency. During the start-up period, the voltage 
and frequency can be varied automatically so that 
the motor develops close to its breakdown torque 
all the way from zero to rated speed. This ensures 
a rapid start at practically constant current. 

In conclusion, an induction motor has excellent 
characteristics under variable frequency condi- 
tions. For a given frequency, the speed changes 
very little with increasing load. In many ways, the 
torque-speed characteristic resembles that of a dc 
shunt motor with variable armature-voltage con- 
trol. 
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Figure 25-6 Effect of suddenly changing the stator fre- 
quency. 


Example 25-2: 

Using the information revealed by the 60 Hz 
torque-speed and current-speed curves of Fig. 25-4, 
calculate the voltage and frequency required so 
that the machine will run at 3200 r/min while de- 
veloping a torque of 100 N-m. What is the corre- 
sponding stator current? 


Solution: — 

a. 1 We first have to find the slip speed corre- 
sponding to a torque of 100 N-m. When the 
motor operates at 60 Hz and a torque of 
100 N-m, the speed is 1650 r/min. Conse- 
quently, the slip speed is: 

ny= Ng-n = 1800-1650 = 150 r/min 
The slip speed is the same when the motor 
develops 100N-m at 3200 r/min. Conse- 
quently, the synchronous speed must be: 

n, = 3200+ 150 = 3350 r/min 


a.2 The corresponding frequency is therefore: 
f = (3350/1800) x 60 = 111.7 Hz 
a.3 The corresponding stator voltage is: 
E = (3350/1800) x 460 = 856 V 
The given current-speed curve shows that the 
stator current is 40 A when the torque is 
100 N-m. Because the curve shifts along with 
the torque-speed curve, the current is again 
40 A at 3200 r/min and 100 N-m. 


25-4 Regenerative braking 


A further advantage of frequency control is that it 
permits regenerative braking. Referring to Fig. 25-6, 
suppose the motor is connected to a 460 V, 60 Hz 
line. It is running at 1650 r/min driving a load of 
constant torque 7_ = 100 N-m (operating point 1). 
If we suddenly reduce the frequency and voltage 
by 50 percent, the motor will immediately operate 
along the 30 Hz, 230 V torque-speed curve. Be- 
cause the speed cannot change instantaneously 
(owing to inertia), we suddenly find ourselves at 
operating point 2 on the new torque-speed curve. 
The motor torque is negative; consequently, the 
speed will drop very quickly, following the 50 per- 
cent curve until we reach torque 7 (operating 
point 4). The interesting feature is that in moving 
along the curve from point 2 to point 3, energy is 
returned to the ac line, because the motor acts as 
an asynchronous generator during this interval. 
The ability to develop a high torque from zero 
to full speed, together with the economy of regen- 
erative braking, is the main reason why frequency- 
controlled induction motor drives are becoming 
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Figure 25-7 Squirrel-cage induction motor fed from a 3-phase cycloconverter. 


so popular. nominal breakdown torque is reached at slips of 
Large induction motors (100 hp and up) have only 3 to 5 percent, compared to the 16.7 percent 
characteristic curves much flatter than those shown. 


shown in the previous figures. For example, the 
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25-5 Squirrel-cage induction motor 
with cycloconverter 


Figure 25-7 shows a 3-phase squirrel-cage induc- 
tion motor connected to the output of a 3-phase 
cycloconverter. The circuit arrangement is similar 
to that of Fig. 24-29, except that the windings are 
fed from a common 3-phase source. Consequently, 
the windings cannot be connected in wye or delta, 
but must be isolated from each other. Motor speed 
is varied by applying appropriate gate pulses to the 
thyristors, to vary the output voltage and frequen- 
cy. For example, the speed of a 2-pole induction 
motor can be varied from zero to 2400 r/min, ona 
60 Hz line by varying the output frequency of the 
cycloconverter from zero to 40 Hz. 

Excellent torque-speed characteristics in all 4 
quadrants can be obtained, which, of course, in- 
cludes regenerative braking. Standard 60 Hz 
motors can be used. The stator voltage is adjusted 
in proportion to the frequency to maintain a con- 
stant flux in the machine. Consequently, the 
torque-speed curves are similar to those shown in 
Fig. 25-2. 

The stator current and voltage are jagged sine 
waves owing to the constant switching between 
output and input. Consequently, cycloconverter- 
fed motors run about 10°C hotter than normal, 
and adequate cooling must be provided. A separate 
ventilating fan may be needed at low speeds. 

The cycloconverter can furnish the reactive 
power absorbed by the induction motor. However, 
a lot of reactive power is drawn from the 60 Hz 
line; the power factor is therefore poor. Cyclocon- 
verter drives are feasible on small and medium 
power induction motors operating at top speeds of 
about 2000 r/min on a 60 Hz line. 


25-6 Squirrel-cage motor 
and variable voltage controller 


We can vary the speed of a 3-phase squirrel-cage in- 
duction motor by simply varying the stator volt- 
age. Consider, for example, a motor driving a 
blower or centrifugal pump. The stator is con- 
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Figure 25-8 Variable-speed blower motor. 
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Figure 25-9 Torque-speed curve of motor at rated volt- 
age (1) and 50% rated voltage (2). Curve (3) 
is the torque-speed characteristic of the fan. 


nected to a variable 3-phase autotransformer (Fig. 
25-8). At rated voltage, the torque-speed charac- 
teristic of the motor is given by curve 1 of Fig. 
25-9. To simplify the drawing, the curve is shown 
as two straight lines. If we apply half the rated 
voltage, we obtain curve 2. Because torque is pro- 
portional to the square of the applied voltage, the 
torques in curve 2 are only 1/4 of the correspond- 
ing torques in curve 1. 

The load torque of a blower varies nearly as the 
square of the speed. This typical characteristic, 
shown by curve 3, is superimposed on the motor 
torque-speed curves. Thus, at rated voltage, the in- 
tersection of curves 1 and 3 shows that the blower 
runs at 90 percent of synchronous speed. On the 
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Figure 25-10 Variable-voltage speed control ofa squirrel- 
cage induction motor. 


other hand, at half rated voltage, the blower ro- 
tates at only 60 percent of synchronous speed. By 
reducing the voltage still more, we can make the 
speed as low as we please. 

We can replace the variable autotransformer by 
3 sets of SCRs connected back-to-back, as shown 
in Fig. 25-10. To produce rated voltage across the 
motor, the respective thyristors are fired with a de- 
lay 0 equal to the phase angle lag that wou/d exist 
if the motor were directly connected to the line. 
Figure 25-11 shows the resulting current and line- 
to-neutral voltage for phase A. The thyristors in 
phases B and C are triggered the same way, except 
for an additional delay of 120° and 240°, respec- 
tively. 

To reduce the motor voltage, we delay the firing 
angle 0. For example, to obtain 50 percent rated 
voltage, all the pulses are delayed by about 100°. 
The resulting voltage and current for phase A are 
given in Fig. 25-12. The voltage is distorted, and 
there is a considerable lag between the current and 
the voltage. The distorsion increases the losses in 
the motor compared to the autotransformer 
method. Furthermore, the power factor is consid- 
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Figure 25-11 Waveshapes at rated voltage. 
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Figure 25-12 Waveshapes at 50% rated voltage. 


erably lower, because of the large phase angle lag 
0. Nevertheless, to a first approximation, the basic 
torque-speed characteristics given in Fig. 25-9 still 
apply. 

Owing to the considerable 7?R losses and low 
Power factor, this type of electronic speed control 
is only feasible for motors rated below 20 hp. 
Small hoists are well suited to this type of control, 
because they operate intermittently. Consequent- 
ly, they can cool off during the idle and light-load 
periods. 

Special thyristors have been developed which 
can both turn on and turn off a current by ap- 
plying appropriate signals to the gates. Such gate 
turn-off thyristors (GTOs) can improve the power 
factor by forcing the current to flow during the 
voltage peaks. Thus, in Fig. 25-13, the current is 
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Figure 25-13 The input power factor can be raised to 
unity by controlling the turn-on and turn- 
off time. 


essentially in phase with the voltage, because firing 
angle 9, is equal to extinction angle 02. We can 
even produce a leading power factor by decreasing 
@, and simultaneously increasing 0. 


25-7 Self-commutated inverters 
for squirrel-cage motors 


In Section 24-15, we saw that a synchronous 
motor can be driven by a naturally commutated 
inverter. This is possible because the synchronous 
motor can provide the reactive power needed by 
the inverter. Unfortunately, if we replace the syn- 
chronous motor by an induction motor, the fre- 
quency conversion system breaks down, because 
an induction motor cannot deliver reactive power. 
Worse still, it actually absorbs reactive power. 
Nevertheless, we can drive an induction motor 
using a se/f-commutated inverter. Such an inverter 
operates quite differently from a naturally-com- 
mutated inverter. First, it is able to generate its 
own frequency, determined by the frequency of 
the pulses applied to the gates. Second, it can ei- 
ther absorb or deliver reactive power. The reactive 
power generated or absorbed depends upon the 
switching action of the power thyristors. 
Self-commutated inverters convert dc power 
into ac power. The power thyristors are arranged 
in a conventional 3-phase bridge circuit. However, 
each thyristor is surrounded by an array of capaci- 
tors, inductors, diodes and auxiliary thyristors. 


The purpose of these auxiliary components is to 
force some power thyristors to conduct when nor- 
mally they would not, and to force other power 
thyristors to stop conducting before their ‘‘natu- 
ral’ time. It is precisely this special switching 
action that enables these converters to generate 
reactive power. 

Owing to the complexity and variety of the 
switching circuits used, we show the self-commu- 


- tated inverter as a simple 5-terminal device having 


a dc input and a 3-phase output (Fig. 25-14). This 
simple representation also helps us understand the 
basic features of all self-commutated inverters: 

1. The inverter power loss is negligible; conse- 
quently, the dc input power is equal to the ac- 
tive ac output power. 

2. The reactive power generated by the inverter is 
not produced by the commutating capacitors 
included in its circuitry. The reactive power is 
due to the switching action alone. 

3. The reactive power output requires no dc pow- 
er input. 

4. The thyristors switch the dc input terminals to 
the ac output terminals in a controlled se- 
quence, with negligible voltage drop. It follows 
that: 

a. in a voltage-fed inverter, the ac line voltages 

are successively equal to the dc input voltage; 

b. in a current-fed inverter, the ac line currents 

are successively equal to the dc current. 

To control the speed of a squirrel-cage motor, 
we use a rectifier-inverter system with a dc link. 
The rectifier is connected to the 3-phase supply 
line and the inverter is connected to the stator 
(Fig. 25-14a). Two types of dc links are used - con- 
stant current and constant voltage. The constant 
current link supplies a constant current to the in- 
verter, which is then fed sequentially into the 
three phases of the motor (Fig. 25-14). Similarly, 
the constant-voltage link furnishes a constant volt- 
age to the inverter which is switched from one 
phase to the next of the induction motor (Fig. 
25-15). The switching sequence may be simple or 
complex, depending on the design of the converter. 
In the following sections, we describe some of the 
more common switching schemes used. 
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converter 1 


Figure 25-14 a. Current-fed frequency converter. 
b. Motor voltage and current. 
c. Asynchronous’ generator voltage and 
current. 


25-8 Current-fed self-commutated 
frequency converter 


The current-fed frequency converter shown in Fig. 
25-14a is used to control the speed of individual 
squirrel-cage motors. The current in each phase is 
a rectangular pulse which flows for 120°. On the 
other hand, the voltage between the lines is reason- 
ably sinusoidal. The reason is that the 3-phase rect- 
angular current pulses together produce a revolving 
magnetic field that is almost sinusoidal. Figure 
25-14b shows the line current Iz in one phase, and 
the associated line-to-neutral voltage Ean. Phase 
angle 0 corresponds to the operating power factor 
of the motor. It depends upon the properties of 
the motor itself and not upon the switching action 
of the inverter. In effect, although instant ¢, coin- 
cides with the firing of the thyristor connected to 
phase A, the timing of the pulse is not determined 
by the zero crossing point of voltage Ean. The 
voltage finds its own place, so to speak, depending 
upon the particular speed, torque, and direction of 
rotation the motor happens to have. 





converter 2 





squirrel cage 
induction motor 


(b) 





(c) 





We can obtain regenerative braking (generator 
action) by changing the firing angle of converter 2. 
This reverses the polarity of F',. By simultaneously 
retarding the triggering of the thyristors in con- 
verter 1, we also reverse the polarity of E',. Conse- 
quently, converter 1 acts as an inverter, feeding 
power back into the ac line. The new relationship 
between stator voltage and stator current is shown 
in Fig. 25-14c. Note that the inverter continues to 
supply reactive power to the motor during this re- 
generative braking period. 

The direction of rotation is easily changed by 
altering the phase sequence of the pulses that trig- 
ger the gates of converter 2. Consequently, this 
static frequency converter can operate in all four 
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Figure 25-15 a. Voltage-fed frequency converter. 


quadrants with high efficiency. The torque-speed 
curve can be moved around to any position, as al- 
ready shown in Fig. 25-2. High inertia loads can be 
quickly brought up to speed by designing the con- 
trol system so that the full breakdown torque is 
developed as the motor accelerates. 

In practice, the output frequency of an inverter 
may be varied over a range of 20:1, with top fre- 
quencies of the order of 1000 Hz. The ac voltage is 
changed in proportion to the frequency so as to 
maintain a constant stator flux. Consequently, the 
dc link voltage E, must be reduced as the speed 
decreases. This is done by increasing the firing 
angle of the thyristors in converter 1. Unfortunate- 
ly, this increases the reactive power drawn from 
the 3-phase line, and capacitors may have to be 
installed to correct the low power factor. 

Various control systems have been developed to 
improve the dynamic performance of the motor. 
The inputs to the gate triggering processor are se- 
lected so that the system approaches the behavior 
of a dc drive. Some of these control schemes are 
very elaborate, involving the monitoring of speed, 
slip, and even the instantaneous position of the re- 
volving flux inside the motor. However, these so- 
phisticated controls do not change the basic opera- 
tion of the current-fed frequency converter. 


25-9 Voltage-fed self-commutated 
frequency converter 


In some industrial applications, such as in textile 
mills, the speeds of several motors have to move 
up and down together. These motors must be con- 
nected to a common bus in order to function at 
the same voltage. The current-fed frequency con- 
verter is not feasible in this case because it tends to 
supply a constant current to the total ac load, irre- 
spective of the mechanical loading of individual 
machines. Under these circumstances, we use a 
voltage-fed frequency converter. It consists of a 
rectifier and a self-commutated inverter connected 
by adc link (Fig. 25-15a). 

A 3-phase bridge rectifier produces a dc voltage 
E,. An LC filter ensures a “hard” dc voltage at the 
input to the inverter. The inverter successively 
switches this input voltage, in positive and negative 
pulses of 120° duration across the lines of the 3- 
phase load (Fig. 25-15b). 

The inverter output voltage F is varied in pro- 
portion to the frequency so as to maintain a con- 
stant flux in the motor (or motors). Because the 
peak ac voltage is equal to the dc voltage E,, it fol- 
lows that rectifier voltage EL, must be varied as the 
frequency varies. The speed of the motor can be 
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Figure 25-15 b. Motor line-to-line voltage. 


controlled from zero to maximum while devel- 
oping full torque. 

Power reversal is possible but, owing to the spe- 
cial arrangement of the auxiliary components in 
converter 2, the link current J reverses when the 
motor acts as a generator. Voltage FE, does not 
change polarity as it does in a current-fed inverter. 
Because converter 1 cannot accept reverse current 
flow, a third converter (not shown) has to be in- 
stalled in reverse parallel with converter 1 to per- 
mit regenerative braking. The third converter func- 


tions as an inverter, and while it operates, convert- 
er 1 is blocked. 


25-10 Chopper speed control 
of a wound-rotor induction motor 


We have already seen that the speed of a wound- 
rotor induction motor can be controlled by placing 


rectifier 


stator 


I 
rotor on : 


A 
anne 
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O : 
oe ijie | | 
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three variable resistors in the rotor circuit (Sec. 
17-16). Another way to control the speed is to 
connect a 3-phase bridge rectifier across the rotor 
terminals and feed the rectified power into a single 
variable resistor. The resulting torque-speed char- 
acteristic is identical to that obtained with a 3- 
phase rheostat. Unfortunately, the single rheostat 
still has to be varied mechanically in order to 
change the speed. We can make an all-electronic 
control by adding a chopper and a fixed resistor to 
the secondary circuit, as shown in Fig. 25-16. In 
this circuit, capacitor C supplies the high current 
pulses drawn by the chopper. The purpose of in- 
ductor L and free-wheeling diode D has already 
been explained in Sec. 23-21. By varying the chop- 
per on-time 7, the apparent resistance across the 
bridge rectifier may be made either high or low. 
The relationship is given by: 


Ra = Ry Ty Eq. 23-12 
where Rq is the apparent external rotor resistance 


and the other terms have the meaning previously 
explained in Sec. 23-21. 


Example 25-3: | 

The wound-rotor motor shown in Fig. 25-16 is 
rated at 30 kW (40 hp), 1170 r/min, 460 V, 60 Hz. 
The open-circuit rotor line voltage is 400 V and 
the load resistor Ro is 0.5 2. If the chopper fre- 
quency is 200 Hz, calculate time T, so that the 
motor develops a torque of 200 N-m at 900 r/min. 
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Figure 25-16 Speed control of a wound rotor induction motor using a chopper. 
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Solution: 

This problem can be solved by applying the princi- 

ples covered in Chapters 17 and 23. 

4.1 The rated synchronous speed is clearly 
1200 r/min. The slip at 900 r/min is: 


s = (n,-n)/n, Eq. 17-2 
= (1200 - 900)/120 
= 0.25 
a.2 The rotor line voltage at 900 r/min is: 
E = Sskoc Eq. 17-4 
= 0.25 x 400 
= 100 V 
a.3 The dc voltage developed by the bridge recti- 
fier is: 
Ej = 1364 Eq. 23-5 
= 1.35 x 100 
= 135V 


a.4 Knowing the torque, we can calculate the 
power P, delivered to the rotor: 


T = 9.55 P,/n, Eq. 17-9 
200 = 9.55 P,/1200 
P, = 25130W 
a.5 Part of P, is dissipated as heat in the rotor: 
Py. = SPy Eq. 17-7 
= 0.25x 25 130 
= 6282 W 


The power is actually dissipated in resistor 
Ro, but it is obviously equal to the rectifier 
output Lylg. Thus, 


Egla = Pir 
135/y = 6282 
Ig = 46.5A 


a.6 The apparent resistance at the input to the 
chopper circuit is therefore: 


Rg = Ea/lg 
= 185/46.5 
= 2.90 
Applying Eq. 23-12, we have; 
Ky = Raf’Ta 
0.5 = 2.9 x 200’ x T,” 
I, = 2.08 ms 


The chopper on-time is therefore 2.08 ms. 


This may be compared with the time T of 
one chopper cycle: 
T = 1/200 = 5ms 


Example 25-4: 
In Example 25-3, calculate the magnitude of the 
current pulses drawn from the capacitor. 


Solution: 
a.1 The current in Rois: 
TyRo = Pir 
I)’ x 0.5 = 6282 


In = 112A 
The capacitor therefore delivers current 
pulses having an amplitude of 112 A and 
pulse width of 2.08 ms at a rate of 200 
pulses per second. On the other hand, the 
rectifier continuously charges the capacitor 
with a current lg of 46.5 A. 


25-11 Recovering power 
in a wound rotor induction motor 


Instead of dissipating the rotor power in a resistor, 
we could use it to charge a large dc battery (Fig. 
25-17). Assuming the battery voltage £2 can be 
varied from zero to some arbitrary maximum val- 
ue, let us analyze the behavior of the circuit. 

Voltage F across the rotor terminals is given by: 

E = SEoc Eq. 17-4 

where s is the slip and E¢ is the open-circuit rotor 
voltage at standstill (Sec. 17-10). 

On the other hand, rectified output voltage Fy 
is given by: 

Eg = 1.35F Eq. 23-5 

Because the JR drop in the smoothing inductor 
is negligible, Eg = Ez. Combining equations 17-4 
and 23-5, we obtain: 


g = ae 
1.35 Foc 


Equation 25-1 shows that the slip depends exclu- 
sively upon the battery voltage £'2, and is indepen- 


(25-1) 
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Figure 25-17 Speed control using a variable-voltage battery. 


dent of the motor load. Consequently, we can vary 
the speed from essentially synchronous speed (s = 
OQ) to zero (s = 1) by varying the battery voltage 
from zero to 1.35 E’g¢. 

In practice, instead of using a battery to absorb 
the rotor power, we use a 3-phase inverter which 
returns the power to the ac source. The naturally 
commutated inverter is connected to the same line 
that supplies power to the stator (Fig. 25-18). A 
transformer T is usually added, so that effective 
voltage + lies between 80 and 90 percent of EF. 
The firing angle is then reasonably close to 180° 


rectifier 





thus reducing the reactive power absorbed by the 
inverter. As usual, the voltages are related by the 
equation: 

E£, = 1.35 FE; cosa 


where 
EF’, = dc voltage developed by the inverter [V] 
E> = secondary line voltage of transformer T 
[V] 
a = firing angle [°] 


Eq. 23-14 


This method of speed control is very efficient 
because the rotor power is not dissipated in a 


inverter 
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Torque 





—- speed 


Figure 25-19 a. Torque-speed characteristics of a 
wound-rotor motor for two settings of 
voltage E’,. 


group of resistors, but is returned to the line. An- 
other advantage is that the slip is practically con- 
stant from no-load to full-load. Its value depends 
only on the setting of £4. Referring to Fig. 25-19a, 
the torque-speed curve for a given voltage setting is 
identical to the torque-speed curve with the slip 
rings shorted, except that it is shifted to the left. 
The slip increases slightly with increasing torque, 
owing to the rotor resistance. - 

The rotor current JR is rectangular and flows 
during 120° intervals (Fig. 25-19b). It is symme- 
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Figure 25-19 b. Rotor voltage and current. 


trical with respect to the respective line-to-neutral 
rotor voltage Ean. Consequently, the power factor 
of the “’load”’ across the rotor is always unity. 

This method of control is economical because 
the converters only have to carry the s//p power of 
the rotor, which is considerably less than the input 


power to the stator. For example, if the lowest 
motor speed is 80% of synchronous speed, the 
power handled by the converters (at rated torque) 
is only 20% of the input power to the stator. It 
follows that the converters are much smaller than 
if they were placed in the stator circuit where the 
full stator power would have to be controlled. 


Example 25-5: 

A 3-phase, 3000hp, 4000 V, 60Hz, 8-pole 
wound-rotor induction motor drives a variable- 
speed centrifugal pump. When the motor is con- 
nected to a 4160 V line, the open-circuit rotor line 
voltage is 1800 V. A 3-phase 4000 V/480 V trans-: 
former is connected between the inverter and the 
line (Fig. 25-20). If the motor has to develop 
800 kW at a speed of 700 r/min, calculate: 

a. the power output of the rotor; 

. rotor voltage and current; 

link voltage Ay and link current J; 

. firing angle of the inverter; 

current in the primary and secondary lines of 
transformer T. 


Too s 


Solution: 
a. 1 Synchronous speed is: 


ng = 120f/p = 120 x 60/8 Eq. 19-1 
= 900 r/min 
a.2 Slip is: 
s = (n,-n)/ng Eq. 17-2 
= (900 - 700)/900 = 0.222 
a.3 Mechanical power is: 
Pr = 800kW (= 1072 hp) 
but 
Pm = P, (1-5) Eq. 17-8 
800 = P, (1 - 0.222) 
Power supplied to rotor is: 
P, = 1028 kW 
Power “‘dissipated’’ by rotor: 
P a sP, Ed: 17-7 


0.222 x 1028 = 228 kW 
a.4 Consequently, 228 kW are fed back to the ac 
line. 
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3-phase 
4160 V 
60 Hz 








inverter 


2000 kW, 4000 V 8-pole 


Eeo = 1800 V 
Figure 25-20 See Example 25-5. 
b.1 Rotor voltage EF = sEo, Eq. 17-4 e.2 Effective line current on the 4000 V side is: 
E = 0.222~x 1800 [ = (480/4000) x 344 = 40A 
= 400 V 
c.1 Link voltage Fy = 1.35£F 25-12 Pulse width modulation 
= 1.35x 400 = 540 V 
c.2 Link current Jy = 228 000/540 = 422A The frequency converters discussed so far create 


substantial harmonic voltages and currents. When 
these harmonics flow in the windings, they pro- 


c.3 The effective value of the rotor current is: 


fy = 0.816 Ig = 0.817 x 422 Eq. 23-15 duce torque pulsations that are superimposed on 

= S44 A the main driving torque. The pulsations are 

d fy = 1.35 Ey cos a damped out at moderate and at high speeds owing 

540 = 1.35 x 480 cos a to mechanical inertia. However; at low speeds, 

a = 33.5° they may produce considerable vibration. Such 

The firing angle is actually (180 - 33.5) = torque fluctuations are unacceptable in some in- 

146.5° because the converter acts as an in- dustrial applications, where fine speed control 

verter. down to zero speed is required. Under these cir- 

e. 1 The current in each phase of the 480 V line cumstances, the motor may be driven by pulse 
flows during 120° intervals and has a peak width modulation techniques. 

value of 422 A. The effective value is given To understand the principle, consider the volt- 

by Eq. 23-15: age-fed frequency converter system shown in Fig. 

I = 344A 25-21. A 3-phase bridge rectifier 1 produces a 
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3-phase 
line 


Figure 25-21 Speed control by pulse width modulation. 


fixed voltage E, at the input to the self-commu- 
tated inverter 2. The inverter is triggered in a spe- 
cial way so that the output voltage is composed of 
a series of short positive pulses of constant ampli- 
tude, followed by an equal number of short nega- 
tive pulses (Fig. 25-22a). The pulse width and 
pulse spacing are arranged so that the weighted 
average approaches a sine wave. The pulses as 
shown all have the same width, but in practice, the 
ones near the middle of the sine wave are made 
broader than those near the edges. By increasing 
the number of pulses per half cycle, we can make 
the output frequency as low as we please. Thus, to 
reduce the output frequency of Fig. 25-22a by a 
factor of 10, we increase the pulses per half-cycle 
from 5 to 50. 

The pulse width and pulse spacing are specially 
designed so as to eliminate the low-frequency volt- 
age harmonics, such as the 3rd, 5th, and /th har- 
monics. The higher harmonics, such as the 1/th, 
19th, etc., are unimportant because they are 
damped out, both mechanically and electrically. 
Such pulse width modulation produces output cur- 
rents having very low harmonic distorsion. Conse- 
quently, torque vibrations at low speeds and at 
standstill are eliminated. 

In some cases, the output voltage has to be re- 
duced while maintaining the same output frequen- 
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Figure 25-22 a. Waveform across one phase. 
b. Waveform yielding the same frequency 
but half the voltage. 


cy. This is done by reducing all the pulse widths in 
proportion to the desired reduction in output volt- 
age. Thus, in Fig. 25-22b, the pulses are half as 
wide as in Fig. 25-22a, yielding an output voltage 
half as great, but having the same frequency. We 
can therefore vary both the output frequency and 
output voltage using a fixed dc input voltage. As a 
result, a simple diode bridge rectifier can be used 
to supply the fixed dc link voltage. The power fac- 
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tor of the 3-phase supply line is therefore high. 

Four-quadrant operation can be achieved, but 
during power reversal, current J reverses while the 
polarity of FE, remains the same. Consequently, an 
extra inverter 3 has to be placed in reverse parallel 
with rectifier 1 in order to feed power back to the 
line (Fig. 25-21). Rectifier 1 is automatically 
blocked while inverter 3 is in operation, and vice 
versa. 

Pulse width modulation is effected by comput- 
er control of the gate triggering. The number of 
pulses per second is usually limited to a maximum 
of 400 and the pulse width is seldom less than 
0.5 ms. Pulse width modulation is used to control 
induction motors up to several hundred horse- 
power. 


QUESTIONS AND PROBLEMS 
Practical level 


25-1 Referring to Fig. 25-1, in which quadrants 
do the following torque-speed operating 
points occur? 

a. + 1650 r/min, + 100 N-m; 
b. + 3150 r/min, - 100 N-m. 

25-2 Referring to Fig. 25-1, calculate the mechan- 
ical power [hp] of the motor when it runs at 
450 r/min. 

25-3 A standard 3-phase, 4-pole squirrel-cage in- 
duction motor is rated at 208 V, 60 Hz. We 
want the motor to run at a no-load speed of 
about 225 r/min while maintaining the same 
flux in the air gap. Calculate the required 
voltage and frequency to be applied to the 
stator. 

25-4 Referring to Fig. 25-4, what is the current in 
the stator under the following conditions, 
knowing that the stator is energized at 
460 V, 60 Hz? 

a. machine running asa motor at 1650 r/min 
and developing a torque of 100 N-m: 
b. machine running as a brake at 300 r/min; 


c. machine driven as an asynchronous gener- 
ator at a torque of 120 N.m. 

25-5 A 3-phase, 6-pole induction motor is driven 
by cycloconverter fed from a 60 Hz line. 
What is the approximate maximum speed 
that can be attained with this arrangement? 

25-6 What is the basic difference between a natu- 
rally commutated and a self-commutated in- 
verter? 

25-7 A naturally commutated inverter can be 
used to drive a 3-phase synchronous motor 
but not a 3-phase induction motor. Explain. 

25-8 In comparing the physical arrangement of 
the bridge rectifiers in one phase of the cy- 
cloconverter of Fig. 25-7, is there any differ- 
ence with the bridge rectifier arrangement of 
Fig. 25-23? 

25-9 A large induction motor has to run at a very 
low, steady speed. If electronic control is re- 
quired, what type would be most appropri- 
ate? 


[Intermediate level 


25-10 Referring to Fig. 25-1, and neglecting 
windage and friction losses, calculate the 
power P, supplied to the rotor when the ma- 
chine runs: 

a. as a motor at 1650 r/min; 
b. as a brake at 750 r/min; 
C. as a generator at 2550 r/min. 

25-11 In Problem 25-10, calculate the value of 
the rotor JR losses in each case. 

25-12 Referring to Fig. 25-1, calculate the voltage 
and frequency that must be applied to the 
machine so that it runs as a high-efficiency 
motor: 

a. At a speed of 1200 r/min developing a 
torque of 100 N-m; 

b. At a speed of 2400 r/min developing a 
torque of 60 N-m. 

25-13 Referring to Fig. 25-4, calculate the voltage 
and frequency to be applied to the stator so 
that the locked rotor torque is 100 N-m ata 
current of 40 A. 
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25-14 The motor having the 7-n characteristic 


given in Fig. 25-1 is running at a no-load 

speed of 1800 r/min. The total moment of 

inertia of the rotor and its load is 90 Ib-ft”. 

The speed has to be reduced to a no-load 

value of 1200 r/min, by suddenly changing 

the voltage and frequency applied to the 

stator. Calculate: 

a. the voltage and frequency required; 

b. the initial kinetic energy stored in the 
moving parts; 

c. the final kinetic energy in the moving 
parts; 

d. Is all the “lost’’ kinetic energy returned 
to the 3-phase line? Explain. 


25-15 A 15hp, 460 V, 3-phase, 60 Hz induction 


motor has the torque-speed characteristic 

given in Fig. 25-1. 

a. What is the new shape of the curve if we 
apply 230 V, 60 Hz to the stator? 

b. Calculate the new breakdown torque 
[ft-lb]. 


25-16 In Problem 25-15, calculate the stator volt- 


age needed to reduce the breakdown torque 
to 60 N-m. 


25-17 The blower motor in Fig. 25-8 has a nomi- 


nal rating of 1/4 hp, 1620 r/min, 3-phase, 
460 V. The respective torque-speed charac- 
teristics of the motor and blower are given 
in Fig. 25-9. Calculate the rotor I*R losses 
(with the motor coupled to the blower): 

a. when the motor runs at rated voltage; 

b. when the stator voltage is reduced to 

230 V; 
c. Is the rotor hotter in (a) or (b)? 


to ensure a small starting current. A 3-phase 

bridge rectifier composed of six diodes is 

connected to the three slip rings. A single 

manual rheostat is connected across the dc 

output of the rectifier. Calculate: 

a. the synchronous speed of the motor; 

b. the power that is dissipated in the rotor 
circuit under locked-rotor conditions; 

c. the approximate dc output voltage; 

d. the approximate resistance of the rheo- 
stat and its power-handling capacity. 


25-20 In Problem 25-19, a dc chopper is con- 


nected between the dc output of the rectifier 
and a 0.2 22 resistor. If the chopper operates 
at a fixed frequency of 500 Hz, calculate the 
duration of the on-time 7 under locked- 
rotor conditions. 


Advanced /evel 


25-21a. The squirrel-cage induction motor shown 


in Fig. 25-7 has a nominal rating of 50 hp, 
460 V per phase, 60 Hz, 1100 r/min. The 
3-phase line voltage is 208 V, 60 Hz. If 
we want the motor to run at a speed of 
about 200 r/min, while developing full- 
load torque, calculate the approximate 
voltage and frequency to be applied to 
the stator windings. 

b. If current J, has an effective value of 
60 A, calculate the approximate value of 
the peak current carried by each SCR. 


25-22 The self-commutated inverter in Fig. 


25-14a furnishes a motor current having an 
effective value of 26 A. What is the value of 
the dc link current? 


25-18 In Problem 25-17, calculate the stator volt- 
age required so that the blower will run at a 
speed of 810 r/min. 

25-19 A 30hp, 208V, 3-phase, 3500 r/min, 


25-23 A standard 50hp, 1750 r/min, 3-phase, 
200 V, 60 Hz squirrel-cage induction motor 
is driven by a current-fed self-commutated 


60 Hz, wound-rotor induction motor pro- 
duces an open-circuit rotor line voltage of 
250 V. We wish to limit the locked-rotor 
torque to a maximum value of 40 N-m so as 


inverter shown in Fig. 25-14a. Calculate the 
voltage and frequency to be applied to the 
stator so that the motor develops its rated 
torque at 400 r/min. Assume the flux in the 
machine is constant. 
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BATTERIES 
AND 
FUEL CELLS 


The invention of the storage cell in 1800 by Italian 
professor Alessandro Volta is probably one of the 
most important discoveries ever made in electrici- 
ty. It enabled scientists, for the first time, to work 
with a continuous source of direct current. Previ- 
ously, they could only study the momentary dis- 
charges produced by static electricity, which were 
far too brief to detect magnetic fields and other 
phenomena associated with current flow. The sim- 
ple batteries Volta discovered paved the way to 
the fundamental discoveries of Oersted, Faraday, 
Henry and all the other scientists of the 19th cen- 
tury. 


26-1 Principle of a cell 


Now that we know how, it is very easy to build an 
electric cell. All we need to do is dip two dissimilar 
conductors into a jar of water and add a little acid. 
A difference of potential will spontaneously ap- 
pear between the two electrodes. If we connect a 
resistance between the positive and negative termi- 
nals, a current will flow in the circuit (Fig. 26-1). 
The current produces a gradual change in the 
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chemical composition of the electrolyte and of the 
two electrodes. Indeed, it is this chemical change 
that produces the electrical energy. When one of 
the electrodes (or the electrolyte) is more or less 
completely transformed, the difference of poten- 
tial disappears and current ceases to flow. The cell 
is then said to be discharged. 

In primary cells, the chemical reaction produces 
a progressive destruction of one or both electrodes 
and so the cell can no longer be used after it is dis- 
charged. 

On the other hand, in secondary cells, the 


metalA 4¥ Y— metal B 
i electrolyte i 














Figure 26-1 Two dissimilar electrodes immersed in an 


electrolyte produce an electric cell. 
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chemical change occurring during discharge is 
electrically reversible. We can rejuvenate such cells 
by passing a current through them in the opposite 
direction. This operation restores the electrodes 
and the electrolyte so that the entire cell reverts to 
its original chemical state. 

Although the construction of a cell is quite sim- 
ple, there is an ongoing search for electrodes and 
electrolytes that can deliver large quantities of 
energy, that last a long time, and that are light and 
inexpensive. Electrochemists have developed doz- 
ens of primary and secondary cells; some of the 
more common ones are listed in Table 26A. Indi- 
vidual cells develop potentials between 1.3 V and 
2. The specific energy ranges from 40 kJ/kg to 
300 kJ/kg depending on the type of cell and its 
duty cycle. 


26-2 Theory of operation 


In order to understand how a cell produces elec- 
tricity, consider an electrolyte composed of a liq- 
uid solution of acid and water (Fig. 26-2a). The 
acid dissociates into positive and negative ions, as 
explained in Sec. 5-20. If we dip two dissimilar 
electrodes into the solution, one of them tends to 
capture positive ions while the other attracts nega- 
tive ions. This affinity for one or the other of the 
two types of ions makes one electrode positive and 
the other negative (Fig. 26-2b). 

If we connect a resistor between the two elec- 
trodes, an electric current will flow. The positive 
ions in solution gradually move towards the posi- 
- tive electrode while the negative ions gravitate 
towards the negative electrode. 

When the positive ions touch the positive elec- 
trode, they capture electrons and immediately be- 
come neutral atoms. Conversely, when the negative 
ions touch their electrode, they /ose electrons. It is 
precisely this exchange of electrons which pro- 
duces the current in the circuit. The capture or 
loss of electrons also produces a chemical change. 
Thus, in Fig. 26-2c, the cross-hatched lines repre- 
sent that portion of the positive electrode that has 
been chemically transformed. Similarly, the dotted 
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Figure 26-2 Elementary theory of an electric cell. 

a. Electrolyte dissociates into positive and 
negative ions. 

b. Electrode A has an affinity for positive 
ions. 

c. Current flow produces a chemical change. 

d. Current flow ceases when the chemical 
change is complete. 


part of the negative electrode represents material 
that has undergone a chemical change. When one 
of the two plates is completely transformed, the 


current ceases to flow (Fig. 26-2d). 
Despite their distinctive individual characteris- 
tics, primary and secondary cells share many com- 


mon properties. We shall first study the similari- 


ties, leaving until later the special features that dis- 
tinguish one cell from another. 


26-3 Internal resistance 


When a load is connected to a cell, the terminal 
voltage decreases. The voltage drop is due to the 
internal resistance of the cell. We can therefore 
represent a cell by an equivalent circuit composed 
of an internal voltage £, in series with a resistance 
r (Fig. 26-3). The internal voltage is equal to the 


F open-circuit 
oO 
‘i voltage 


diameter — 63 mm 


(a) height — 150 mm 


+ 
+ 





Figure 26-3 a. No. 6 zinc-carbon dry cell. 
b. Equivalent circuit of the cell. 


open-circuit voltage across the battery terminals. 
The internal resistance depends upon the capacity 
of the cell, its state of charge, its age, its tempera- 
ture, and its chemical composition. For example, a 
new No. 6 carbon-zine dry cell (diameter 63 mm, 
height 152 mm) has an internal resistance of about 
0.03 22 and an internal voltage of about 1.5 V. 

For normal discharge currents, the internal JR 
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drop in a cell is about 10 percent of the open- 
circuit voltage. 


Example 26-1: 

A cell has an open-circuit voltage of 1.5 V and an 
internal resistance of 0.2 &2. Calculate the current 
and the terminal voltage when the cell is connected 
to a resistance of 1 Q (Fig. 26-4a). 





Figure 26-4 a. See Example 26-1. 


Solution: 
a.1 Wecan replace the cell by an equivalent cir- 


Cuit composed of a source of 1.5 V in series 
with a resistance of 0.2 Q (Fig. 26-4b). 





Figure 26-4 b. Equivalent circuit. 


a.2 The total resistance of the circuit is 1.2 Q 
a.3 Current is: 
I = 1.5/1.2 = 1.25A 
a.4 The internal voltage drop is: 
IR = 1.25x0.2 = 0.25 V 
a.5 The voltage between terminals A and B is: 
Eanes = (1.5 - 0.25) = 1.25 V 


26-4 Discharge of a cell 


When a cell is connected to a load, its terminal 
voltage remains steady for a long time and falls 
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TABLE 26A TYPICAL PROPERTIES OF PRIMARY AND SECONDARY CELLS 
Primary cells Secondary cells 
Item Unit 
carbon-_—_inc- alkaline- Zinc- —_iinc- lead- nickel- sodium- lithium- 
zinc mercury manganese silver air acid cadmium sulfur iron disulfide 
open-circuit V 1.5 1.35 1.5 1.6 1.45 2.0 1.3 2.1 200 
voltage 
min. operating V 0.8 0.9 0.8 0.9 1.1 1.7 1.0 1.5 14 
voltage 
specific energy kJ/kg 150 300 200 300 650 40 to 70 to 225 550 
80 120 
energy per unit kJ/dm? 300 1200 450 to 1600 850 150 to 150 to 400 1200 
volume 700 300 350 
permitted — low low low low very high very high high 
discharge rate low high 
positive _ MnO, Zn Zn Zn O, PbO, NiOOH S Fes, 
electrode + C 
negative — Zn HgO + MnO, Ag,O Zn Pb Cd Na Li 
electrode graphite 
electrolyte — NH,Cl KOH KOH KOH KOH] H,SO, KOH Al,O, LiCl 
ZnCl +2ZnO + H,O +H,O0 +H,O; +H,O +H,O + etc. KCI 
+H,O +H,O 
temperature *C 0 to 0 to - 30 to Oto -40ta -40to -60to + 300 475 
range +50 +50 +50 +50 + 40 + 50 + 40 
maximum storage years 1-3 5-7 4-5 4-5 3-4 2-4 4-6 — — 
time month month 
useful life years 2-3 4-5 3-4 4-5 2-3] 5-20 10 - 20 — — 


steeply only when the cell is almost completely 
discharged (Fig. 26-5). The cell is considered to be 
discharged when the voltage reaches an arbitrary 
terminating value Er (usually specified by the 
manufacturer). A primary cell may be drained 
beyond this point because it has to be discarded in 
any case. However, the emf of a secondary cell 


must not be allowed to fall below /¢ because it 
may impair the cell’s ability to recharge. 


26-5 Capacity of a cell 


The capacity of a cell is the amount of electricity 
it can deliver before the terminal voltage reaches 
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Figure 26-5 Typical discharge curves of a mercury cell 
and a carbon-zinc cell. 


the value Hr. The capacity is generally expressed 
in ampere-hours [A-h], although it can also be 
given in coulombs (1 A-h = 3600 C). A dry cell 
having a capacity of 30 A-h can deliver a current 
of 1 ampere for 30 hours or 1/10 of an ampere for 
300 hours. However, it cannot deliver a current of 
10 amperes for 3 hours (even though the product 
gives 30 A-h) because polarization becomes exces- 
sive and the terminal voltage falls off very quickly. 
The capacity of a cell is therefore not constant, 
but depends upon the current it delivers. The 
greater the current, the smaller the ampere-hour 
capacity will be. The capacity of a cell is usually 
specified by the manufacturer for a discharge peri- 
od of 8 hours, 5 hours, or 1 hour. 

Owing to the limited energy and the low volt- 
age of dry cells, we often have to group them to- 
gether to create medium voltage, high-power 
sources. Such a group of cells is called a battery. 


26-6 Series grouping of cells 


Cells are connected in series by successively joining 
the positive terminal of one cell to the negative 
terminal of the next (Fig. 26-6). The two re- 
maining terminals are the terminals of the battery. 
The voltage of a group of cells connected in series 
is equal to the sum of the voltages of the cells. The 
internal resistance of the battery is equal to the 
sum of the internal resistances of the cells. 


BATTERIES AND FUEL CELLS 535 





Figure 26-6 Cells connected in series. 


Example 26-2: 

Three dry cells are connected in series with a flash- 
light bulb of 10 2. Each cell possesses an internal 
resistance of 0.3 Q and an emf of 1.5 V. Calculate 
the power delivered to the lamp. 


Solution: 

a.1 The emf of the battery is: 
EF= 3x1.5 = 4.5V 

a.2 The internal resistance of the battery is: 
r = 3x0.3 = 0.90 

a.3 The total resistance of the circuit is: 


R = 0.9+10.0 = 10.9 Q 
a.4 The current is: 
I = 4.5/10.9 = 0.412A 


a.5 The power delivered to the lamp is: 
P = I’R = (0.412)?x 10 = 1.7W 


26-7 Parallel grouping of cells 


When a device draws a current greater than a single 
cell can deliver, we have to connect two or more 
cells in parallel. In this case, all the positive termi- 
nals are connected together and all the negative 
terminals are connected together (Fig. 26-7). The 
emf of the battery is the same as that of the indi- 
vidual cells. Cells connected in parallel must be of 
the same type. 

If the cells have the same internal resistance, 
the current delivered by each cell is equal to the 
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Figure 26-7 Cells connected in parallel. 


total current divided by the number of cells. 
Should the resistance of one cell be higher than 
that of its neighbours, it will deliver a proportion- 
ately smaller current. It is particularly important 
to observe the polarities. In effect, if the polarity 
of one cell is accidentally reversed, the cell is de- 
stroyed in a few minutes. 


26-8 Series-parallel grouping 


When a load requires both a higher voltage and 
current than a single cell can provide, we must em- 
ploy a series-parallel grouping. For example, the 
battery in Fig. 26-8 is composed of two parallel 
groups of two cells in series. 





Figure 26-8 Cells in series-parallel. 


Example 26-3: 

The 6-volt coil of a relay has a resistance of 50 Q. 
Dry cells having a capacity of 30 A-h and a poten- 
tial of 1.5 V are available. How should the cells be 
connected in order that the relay may function for 


a minimum period of 400 hours? 


Solution: 
a.1 To function for 400 h, the current delivered 
by each cell must not exceed: 
I = 30A-h/400h = 0.075A 
a. 2 The current drawn by the coil is: 
I = 6/50 = 0.12A 
We must therefore connect two cells in par- 
allel to furnish the current. 
a.3 However, two cells in parallel will provide 
only 1.5 V. Consequently, we must connect 
four cells in series to obtain the required 6 V. 
The mixed grouping is shown in Fig. 26-9. 
Note that each cell could easily supply a cur- 
rent of 0.12 A without diminishing its am- 
pere-hour capacity. We could therefore use 
only four cells connected in series. However, 
with such an arrangement, the battery would 
be dead after about: 
t = 30A-h/0.12 = 250h 


| 26-9 Primary cells 


Most primary cells are “‘dry’’ cells. Dry cells are so 
named because the liquid electrolyte is retained in 
an absorbant substance and the container is sealed. 
Dry cells may be carried about and set in any posi- 
tion without spilling the electrolyte. 


26-10 Polarization 


When a cell delivers current, hydrogen is usually 
given off at one of the electrodes, surrounding it 
with bubbles of gas. These bubbles act as insula- 
tors inhibiting the current flow. This obstructive 
phenomenon is called po/arization. To prevent po- 
larization, we add a depolarizing substance around 
the electrode to absorb the hydrogen as quickly as 
it is formed. 


26-11 Carbon-zinc cell 


The primary carbon-zinc cell, widely used for 
pocket lamps, has a zinc container that also acts as 
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150 mA 


Figure 26-9 Electric battery to deliver 150 mA for 400 h (Example 26-3). 


the negative electrode (Fig. 26-10). The positive 
electrode is made of a mixture of crushed carbon 
and maganese dioxide. The electrolyte is a solution 
of ammonium chloride and zinc chloride dissolved 
in water. The resulting paste surrounds a carbon 
rod that simply acts as a conductor to bring the 
Current to the outer, positive terminal. The zinc 
container is separated from the paste by a layer of 
porous paper. 

During discharge, the chemical reaction con- 
sumes the zinc at a rate of about 1 gram per am- 
pere-hour. 


positive terminal. 


metal cap 


carbon rod ee 
solid insulator 


crushed 
carbon } anode 


outer wrapping 
+ MnO 


2 

NH,Cl 

ZnCl } electrolyte 
H,O 


zinc container 
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Figure 26-10 Carbon-zinc cell. (Union Carbide) 


26-12 Mercury cell 


A primary mercury cell (Fig. 26-11) is small, ro- 
bust, and has a very long shelf life. Its internal re- 
sistance is low and the terminal voltage remains 
very constant during the discharge period. The 
open-circuit terminal voltage is so stable that we 
sometimes use the cell as a reference source. For a 
given volume, a mercury cell contains four times as 
much energy as a carbon-zinc cell does. All these 
features explain its popularity in portable radios, 
missiles, instruments, electronic watches, and in 


container and 


negative terminal (-) positive terminal (+) 







mercury oxide 
(cathode) 


electrolyte (KOH) 


zinc (anode) 


Figure 26-11 Mercury button cell. (Duracell Inc., Mal- 
lory, Duracell Products Co.) 


pace-makers to stimulate the heart. 
26-13 Alkaline-manganese cell 


Primary alkaline-manganese cells may be stored for 
very long periods without deteriorating appreciably 
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(Fig. 26-12). Although their internal resistance is 
not as low as that of mercury cells, the voltage is 
very stable. Alkaline-manganese cells are superior 
to carbon-zinc cells for driving small motors, pho- 
tographic apparatus, and other devices that draw 
substantial currents for short periods. 


positive terminal (+) 












steel container 


mixture of MnO, 
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(cathode) brass conductor 
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porous separator 
zinc powder 


(anode) 4<«— protective 
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negative 
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Figure 26-12 Alkaline-manganese cell. (Union Carbide) 


26-14 Life of a primary cell 


Owing to secondary chemical effects, a cell deteri- 
orates even when not in use. Thus, a new carbon- 
zinc cell, stored at normal room temperature, will 
lose most of its capacity by the end of 4 years. 
Temperature also influences the life of a cell: 
warm surroundings accelerate chemical reaction 
and appreciably diminish cell life. 


26-15 Secondary cells 


Lead cells and nickel-cadmium cells are the two 
most common types of secondary cells. They are 
mainly used as sources of reserve power during 
electric outages and to drive equipment that can- 
not be connected to a distribution system. These 
main applications enable us to distinguish two 
types of cells: those that provide intermittent, 
stand-by service (emergency lighting of buildings, 
auxiliary energy sources in electric substations) 
and those installed on mobile equipment (automo- 


biles, lift-trucks, submarines, airplanes, etc.). The 
first application requires a very reliable cell which 
should last from 15 to 20 years. The second appli- 
cation requires a cell having a shorter life, but that 
can provide great energy in relation to its size. 

Owing to its relatively low cost, the lead-acid 
cell is still the most common. However, nickel- 
cadmium cells are often preferred where high pow- 
er must be furnished for short periods, or when pe- 
riodic maintenance by qualified personnel is not 
feasible. 


26-16 Efficiency of a secondary cell 


When a secondary cell is being charged, most of 
the electricity it receives (coulombs) is recovered 
during the discharge period. Coulombic efficiencies 
of the order of 80 to 90 percent are common, de- 
pending upon the type of battery and its condition. 
Thus, a battery that receives 100 A-h of electricity 
during the charge period can deliver 80 to 90 A-h 
during the discharge interval. 

On the other hand, the energy efficiency is only 
50 to 70 percent because the charging voltage is 
considerably higher than the discharge voltage. 
Energy efficiency is defined as the ratio of the dis- 
charging energy in joules to the charging energy. 


26-17 Production of hydrogen 


All secondary cells contain water. Its molecules are 
composed of 2 atoms of hydrogen and 1 atom of 
oxygen. When we recharge a cell, and particularly 
if we exceed its normal charge level, the water 
gradually decomposes into hydrogen and oxygen. 
We can actually see the gases escape by the bub- 
bling of the electrolyte. If sealed secondary cells 
are overcharged, the gases released may raise the 
internal pressure to as much as 400 kPa before the 
safety vent blows. 

In the case of unsealed batteries, the hydrogen 
mixes with the surrounding air to create a poten- 
tially dangerous explosive mixture. The hydrogen 
content should never exceed 3% of the volume of 
air. This is why battery rooms are well ventilated 
and smoking is prohibited. 


If we continue charging a battery that is already 
fully charged, the hydrogen released is given by 
the approximate equation: 





(26-1) 
where 
V = volume of hydrogen released [L] 
E = battery voltage [V] 
Q = overcharge [A-h] 
€ = voltage per cell [V] 
0.42 = constant, to take care of units 


Each liter of hydrogen corresponds to the elec- 
trolysis of 0.8mL of water; consequently, we 
must add water periodically to replenish the bat- 
tery. In this regard, the reader should remember 
that electrolytes are very corrosive and accidental 
contact with the eyes must be strictly avoided. 


Example 26-4: 

A 12V lead-acid automobile battery that is al- 
ready fully charged, is inadvertently left connected 
to its charger. If the charging current is 2 A, calcu- 
late: 

a. the amount of hydrogen released per day; 

b. the amount of water that is lost. 


Solution: 

a. 1 The voltage per cell of a lead-acid battery is: 
e=2V 

a.2 The overcharge is: 
Q = 2Ax24h = 48A-h 


a.3 V = 0.42 EQ/e Eq. 26-1 
= 0.42 x (12 x 48/2) 
= 121 L 
b. | Amount of water lost by electrolysis: 
Vw = 121x0.8 


97 mL, or nearly 1/4 pint 
26-18 Lead-acid cell - theory of operation 


Lead-acid cells have two sets of lead plates, com- 
posed respectively of spongy lead and of lead diox- 
ide, immersed in a solution of sulfuric acid (Fig. 
26-13). The chemical reaction that takes place 
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may be explained by the following elementary the- 
ory. 

Figure 26-13a represents the chemical state of a 
lead cell that is fully charged. The positive plate is 
composed of lead dioxide (PbO) and the negative 
plate is of spongy lead. The plates are dipped in a 
solution of sulfuric acid (H,SO,). 

As the cell discharges, both the lead dioxide 
and the spongy lead gradually change into lead sul- 
fate (PbSO,) (Fig. 26-13b). When the two plates 
attain the same chemical composition, the poten- 
tial difference between them drops to zero, and 
the current stops (Fig. 26-13c). 









electrolyte 
water - 65% 
(a) acid — 35% 
PbO, Pb 
decreases decreases 
PbSO, . PbSO, 
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(b) 
electrolyte 
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(c) water — 85% 
acid — 15% 





Figure 26-13 a. Cell in fully charged condition. 
b. Cell being discharged. 
c. Cell fully discharged. 
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We can restore the cell to its original state by 
connecting the terminals to a source of dc current 
as shown in Fig. 26-13d. The positive terminal of 
the charging source is connected to the positive 
terminal of the battery. In comparing Figs. 26-13b 
and 26-13d, we note that the charging current 
flows opposite to the discharge current. 








120 V ac plug S dc source 


PbO, increases Pb increases 


PbSO, decreases * Y~ PbSO, decreases 


electrolyte 


% water decreases 
% acid increases 


Figure 23-13 d. Cell being recharged. 


26-19 Characteristics of a lead cell 


Figure 26-14 shows the terminal voltage of a lead 


N 


— voltage 
N 


—+ discharge time 





cell and the corresponding density of the electro- 
lyte during a charge and discharge cycle. The cur- 
rent is held at its rated value, based upon a dis- 
charged period of 8 hours. Thus, a 160 A-h battery 
has a rated current of 160 + 8 = 20 amperes. 

The internal resistance of a 12 V automobile 
battery (Fig. 26-15) is about 12 mQ2. Such a bat- 
tery, composed of 6 cells connected in series, may 
supply between 200 and 400 amperes during the 
short period required to start a car. 

Table 26A shows that the specific energy of a 
lead-acid cell ranges from 40 kJ/kg to 80 kJ/kg. 
The value depends mainly upon the density of the 
electrolyte. Thus, for long-term, high-reliability 
batteries, the relative density is kept at 1.21, com- 
pared to a density of 1.28 for an automobile bat- 
tery. A lower density requires larger electrodes, 
but it ensures a longer life. 


26-20 Maintenance of a battery 
The maintenance a battery receives often depends 


upon its use. Thus, an automobile battery receives 
only minimal attention, whereas the emergency 
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Figure 26-14 Electrolyte density and terminal voltage during the charge and discharge cycle of a lead-acid battery. 
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Figure 26-15 Cutaway view of a 12 V automobile battery. (Exide) 


batteries in a substation are continually monitored 
under a systematic maintenance program. The av- 
erage life of the first battery is about 3 years while 
that of the second is 20 years. 

The density of the electrolyte gives an indica- 
tion of the state of charge of the battery. Pure 
water has a relative density of 1.00 while that of 
pure sulfuric acid is 1.85. The electrolyte in a fully 
charged battery has a density of about 1.28, as 
compared with 1.12 for a battery that is complete- 
ly discharged. We can measure the density with a 
hydrometer. The hydrometer withdraws a sample 
of the electrolyte, and a graduated tubular floater 
gives the density reading. The electrolyte level 
should be checked frequently and, if necessary, 
distilled water should be added. 

We should never leave a battery in a partially 
discharged condition because a lengthy storage pe- 
riod produces su/fation of the plates. This white, 
powdery deposit of lead sulfate hardens, and be- 


comes insoluble in the acid. The active surface of 
the plates is consequently reduced, which raises 
the internal resistance and drops the capacity of 
the battery. If the sulfation is slight, we can elimi- 
nate it by over-charging the battery for several 
days, using a low current. 

We must also exercise care when recharging a 
battery. Thus, the charging current must not be 
too great, otherwise the gaseous discharge may 
break up the plates. If we wish to accelerate the 
charging rate, we can use a higher initial current, 
but it must be limited to a value no greater than 
the capacity in ampere-hours. For example, the 
initial current should not exceed 160 amperes for 
a battery having a capacity of 160 A-h. The cur- 
rent must be gradually reduced as the battery 
charges up. 

Partially discharged car batteries do not perform 
well in cold weather. Consequently, they should 
be kept well charged during winter, both to im- 
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prove starting and to prevent the water from freez- 
ing and splitting the container. A fully charged 
battery can withstand temperatures as low as 
- 40°C. | 


26-21 Nickel-cadmium cell 


The nickel-cadmium secondary cell is composed 

of a positive electrode made of nickel hydroxide, 

and a negative electrode made of cadmium. Both 

are immersed in a solution of potassium hydroxide 

(20% KOH, 80% HO). The nickel-cadmium cell 

has the following advantages: 

@ It can deliver very high power (kW) for short 
periods; 

@® It may be completely discharged without af- 
fecting its characteristics; 

® It discharges very, very slowly, during inactive 
periods; 

@ It releases no toxic gases; 

® It is easy to maintain. 

The high discharge rate of Ni-Cd cells explains 
why they are used to start large internal combus- 
tion engines. Furthermore, because they can be 
charged and discharged hundreds of times, Ni-Cd 
cells are very useful in stationary emergency-power 
installations. For long-term stand-by applications 
(Fig. 26-16), the specific energy (J/kg) is similar to 
that of lead-acid cells. 





The density of the electrolyte does not change 


‘during charge and discharge. Consequently, we 


cannot determine the state of a Ni-Cd cell by 
means of a hydrometer. As in a lead-acid cell, the 
water in the electrolyte decomposes when the 
Ni-Cd cell is overcharged, releasing hydrogen and 
oxygen. 

In summary, Ni-Cd batteries are particularly re- 
commended for high-power discharge applications 
or where periodic maintenance is not feasible. 


26-22 Special secondary cells 


High-power, high energy-density secondary cells 
are presently under development as future power 
sources for electric cars. We mention only two of 
the possible candidates for this application: 

1. the sodium-sulfur cell 

2. the lithium-iron disulfide cell. 

The properties of these cells are summarized in 
Table 26A. Note that both operate at high temper- 
ature. Figure 26-17 shows the construction of a 
large sodium-sulfur cell. 


26-23 Fuel cells 


Whenever a fuel such as wood, coal or natural gas 
burns, it combines with oxygen to create a new 
substance. The chemical reaction is called ox/da- 


Figure 26-16 


Large battery installation to provide immediate 
standby emergency power for the lighting in an 
airport. The center rack contains 240 nickel- 
cadmium cells. The output of all the racks is 
connected to a 180 kW electronic inverter 
which converts the dc power to ac. A standby 
diesel-generator set is set in operation in the 
event of a prolonged outage. (Nife-Jungner) 








Figure 26-17 Large sodium-sulfur battery for electric 
vehicle. (General Electric) 


tion and the fuel is said to be oxidized. Oxidation 
is accompanied by the release of a large amount of 
energy that appears in the form of heat. The heat 
may be used to produce steam, which in turn can 
drive a turbogenerator set. Alternatively, the fuel 
can be burned in an internal combustion engine 
coupled to a generator. Unfortunately, the effi- 
ciency is very low when heat is converted into 
electrical energy in this way. Thus, for electrical 
outputs of 1kW, the overall efficiency is only 
about 20%. It reaches a maximum of about 40% 
for outputs in the 500 MW range. The higher effi- 
ciencies are obtained by raising the temperature to 
the highest possible value that the metals can still 
safely withstand. 

In the fuel cell, we get around the problem of 
low efficiency and high temperatures by causing 
the fuel to combine with oxygen in a different 
way. In essence, the fuel cell is a device that per- 
mits oxidation to take place without actually 
burning the fuel. The same amount of energy is re- 
leased, but it appears in the form of electrical ener- 
gy, rather than in the form of heat. How is this 
done? 
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A fuel cell basically consists of two electrodes, 
A and B, in contact with an electrolyte (Fig. 


26-18). The fuel to be oxidized is brought in con- 
tact with electrode A, while oxygen is brought in 
contact with electrode B. An electrical load is con- 


electrical load 


————— 


electrons 


electrolyte 
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0 eS 
Boe fuel oxygen 
fuel ion ion oxygen 


Figure 26-18 Basic principle of a fuel cell. 


nected across the terminals. 

When the fuel touches its electrode, a special 
reaction takes place, causing the fuel to break up 
into positive ions and electrons. The ions move 
into the electrolyte and slowly migrate towards 
electrode B. The electrons, on the other hand, are 
captured by electrode A, flow through the load 
and on towards electrode B. The oxygen molecules 
that touch electrode B capture these electrons, 
thereby becoming negative oxygen ions. These 
ions diffuse into the electrolyte where they com- 
bine with the positive fuel ions to create a new 
substance that is electrically neutral. This substance 
accumulates with time, and must be removed to 
prevent contaminating the fuel cell. 

Oxidation, therefore, takes place inside the 
electrolyte where the fuel and oxygen ions com- 
bine. However, no energy is released during this 
process: all the energy of oxidation appears as 
electrical energy at the electrodes. In effect, the 
electrons released at the ‘’fuel’’ terminal are recap- 
tured at the “oxygen” terminal with the result 
that a steady current flows through the load. 
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The electrode in contact with the fuel is always 
negative, while that in contact with the oxidizing 
agent is positive. The difference of potential across 
the terminals is typically between 0.5 V and 3 V, 
depending on the fuel used. 

Ideally, the electric power supplied to the load 
is equal to the thermal power that would be re- 
leased if the fuel were burned. There are, of course, 
some losses, but the efficiency of even small fuel 
cells is of the order of 40 percent. Clearly, this is an 
improvement, compared to the efficiency obtained 
by burning the fuel. 


26-24 Hydrogen - oxygen fuel cell 


Fuel cells are very complex devices; consequently, 
we shall limit our remarks to a simplified descrip- 
tion of the hydrogen-oxygen fuel cell. 

When hydrogen burns, it always combines in 
definite proportions with oxygen. In effect, for 
complete combustion, 1 kg of hydrogen consumes 
8 kg of oxygen. In the process, about 120 MJ of 
heat is released, and the resulting product is ordi- 
nary water. 

In a simple hydrogen fuel cell, the electrodes 
are made of platinum and the electrolyte is a solu- 
tion of sulfuric acid. Hydrogen gas is continuously 
supplied to electrode A, and oxygen gas to elec- 
trode B (Fig. 26-19). Suppose that 1 kg of hydro- 
gen moves through the cell per hour and that every 
molecule dissociates into 2 electrons and 2 positive 
hydrogen ions. 

In order to neutralize the hydrogen ions, exact- 
ly 8kg of oxygen must be furnished to electrode 
B, per hour. The hydrogen and oxygen ions com- 
bine in solution, and ordinary water is formed. Si- 
multaneously, an electric current flows through 
the load, releasing 120 MJ of electrical energy. The 
power output of the cell corresponds therefore to 
120 MJ/h, or 33.3 kW. This ideal output is not at- 
tained in practice because there are always losses 
in a fuel cell. Nevertheless, assuming an efficiency 
of 40%, the power output is still about 13 kW. 

What is the approximate voltage developed by 
the fuel cell? We know that every molecule of hy- 


1.25 V 


electrolyte 





hydrogen 
(1 kg/h) ion ion 


hydrogen oxygen oxygen 
(8 kg/h) 


water (9 kg/h) 


Figure 26-19 Simple hydrogen fuel cell (idealized con- 
ditions). 


drogen releases 2 electrons when it comes in con- 
tact with the positive electrode. We also know that 
1 kg of hydrogen contains very nearly 3 x 107° mo- 
lecules.* Consequently, the fuel cell produces 
about 6 x 107° electrons per hour. Because each 
electron carries a charge of 1.6 x 10° '? coulombs, 
it follows that the total charge released is: 

Q = 6x 10*°x 1.6 x 107)? 

= 96x 10°C 

The current flowing through the load is there- 
fore: 

I = O/t 
96 x 10°/3600 s 
26.7 kA 

Knowing that the power output is 33.3 kW, the 
terminal voltage is: 

E = P/I = 33.3/26.7 

= 1.25V 

Thus, the maximum theoretical terminal volt- 
age is 1.25 V. In practice, it is closer to about 
0.8 V. 

This example indicates that fuel cells, like bat- 


* Deduced from the fact that Avogadro’s number is 
6.022 x 107° per kilomole. 
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Figure 26-20 This modular fuel cell assembly contains a stack of 456 individual cells, connected in series. Twenty such 
units will be connected in series-parallel to make up a 4.5 MW installation. This dc power plant will be in- 
stalled in downtown Manhattan and integrated into the network of the Consolidated Edison Co. of New 
York. Towards this end, the dc power will be converted to ac using a self-commuted inverter (See Chapter 
23). Other details — electrolyte: phosphoric acid: operating temperature: 190°C; voltage per cell: about 
0.7 V; current density per cell: 2500 A/m?: heat rate: 9500 Btu/kW-h; start-up time: 4h from 21°C; load 
response time: 0.5 s from 35 percent power to rated output. (Electric Power Research Institute) 
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teries, are basically high-current, low-voltage dc 
devices. Higher voltages are obtained by connecting 
cells in series. 


26-25 Types of fuel cells 


Fuel cells is far more complex than the simple de- 
scription given above might lead us to believe. The 
fuel may be a solid, liquid, or gas, and the electro- 
lyte may be either a liquid or solid. Finally, oxygen 
may be provided in its pure state, or combined 
with other chemicals. 

The operating temperature depends upon de- 
sign; some fuel cells function at temperatures be- 
low 60°C while others perform best at 1000°C. 

The reader has probably perceived that a fuel 
cell is basically a primary cell in which the reacting 
agents are fed continuously into the enclosure, 
while the unwanted byproducts are removed. Such 
a cell never discharges because the active materials 
are replenished as quickly as they are consumed. 
Nevertheless, the term ‘‘fuel cell’’ is apt because 
the electrical energy it produces can be related di- 
rectly to the thermal energy that would be re- 
leased if the fuel were burned. 

In summary, the fuel cell is a unique power 
source because: : 

1. it is not a thermal machine, like a steam genera- 
tor; it can therefore yield much higher effi- 
ciencies, in both small and large sizes; 

2. it can be built in modular form and units can be 
added as the need arises; 

3. it is noise-free and essentially pollution-free; 


consequently it can be installed in the heart of 


urban centers. 

Figure 26-20 shows a power stack composed of 
over 400 individual fuel cells yielding a dc power 
output of 240 kW. 

QUESTIONS AND PROBLEMS 


Practical level 


26-1 What is the difference between a primary 


cell and a secondary cell? 

26-2 Name two types of primary cells and two 
types of secondary cells. 

26-3 Why issmoking prohibited in battery rooms? 

26-4 An electric starter for a 5000 hp diesel en- 
gine is battery-powered. Would a carbon-zinc 
battery be satisfactory? If not, what kind of 
battery do you propose? 

26-5 What is the advantage of using sealed bat- 
teries? 3 

26-6 A 12-volt lead-acid truck battery has a nomi- 
nal capacity of 300 A-h. 

a. What is the rated current on an 8-hour 
basis? 

b. For how long could it deliver a current of 
10 A? 

c. If the battery is discharged, what is the 
highest initial charging current that may 
be used? 

26-7 A 12-volt nickel-cadmium battery has a ca- 
pacity of 100 A-h based on a 5-hour dis- 
charge period. Calculate the terminal voltage 
when it delivers a current of 50 A knowing 
that the open-circuit voltage is 13 V and the 
internal resistance is 2.4 mQ. 

26-8 We wish to construct a battery using either 
lead-acid or Ni-Cd batteries. If the desired 
open-circuit voltage is 120 V, how many 
cells have to be connected in series in each 
case? 

26-9 A hydrometer indicates an electrolyte den- 
sity of 1.100 in a lead-acid storage battery. 
Should the battery be recharged? What 
should the density be when the. battery is 
fully charged? 

26-10 Describe the principle of operation of a 
fuel cell. 


/ntermediate level 


26-11 A dry cell has an open-circuit voltage of 
1.5 V. The voltage across the terminals is 
1.2 V with a connected load of 3 Q. 
a. Calculate the internal resistance of the 
cell. 


b. If the terminals were shorted, what ts the 
initial value of the discharge current? 

26-12 A relay coil having a resistance of 20 22 
must be excited for about 250 h at a current 
of 300 mA. Individual cells having a capacity 
of 30 A-h and a voltage of 1.5 V are avail- 
able. How many cells are needed and how 
must they be connected? 

26-13 A large battery room contains 480 lead- 
acid cells operating at 120 V. 

a. If the batteries are overcharged for 4 h at 
a current of 75 A, how much hydrogen ts 
released [ft>] ? 

b. If each cell has a capacity of 150 A-h, 
what is the ampere-hour capacity of the 
battery? 

26-14 A 6-volt carbon-zinc battery has the fol- 
lowing dimensions: 5.5in x 2.5in x 4 in. 
Using the information given in Table 26A, 
calculate the approximate value of: 

a. the available energy [W-h]; 

b. the capacity of the battery [A-h]. 

c. For how long can it keep a 3W lamp 
burning? 

26-15 A mercury cell for a wristwatch has a dia- 
meter of 0.5 inches, a thickness of 3/16 inch. 
a. If it has a capacity of 220 mA-h, for how 

many months can it keep the watch oper- 
ating, if the circuit draws a current of 
15 pA? 

b. How much energy does the cell furnish 

during its lifetime [W-h] ? 
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Advanced level 


26-16 a. Describe the principle of operation of a 

fuel cell. 

b. Discuss the relative advantages of a 
generating station composed of fuel 
cells, compared to a thermal generating 
Station. 

26-17 A horse weighing 1600 Ib can develop an 
average of 1 hp over an 8-hour period. Calcu- 
late the mass [lb] of a sodium-sulfur battery 
that can yield the same amount of energy 
before it has to be recharged. 

26-18 A 120-volt battery driving a mining cart 
has to produce an average power of 21 kW 
over a 6-hour period. If lead-acid cells are 
used, calculate: 

a. the approximate mass [Ib] of the battery 
(in Table 26A, use 80 kJ/kg); 

b. the mass if lithium-iron disulfide cells 
were used. 

26-19 It is proposed that a lithium-iron disulfide 
battery be installed in conjunction with an 
electronic converter to store energy during 
off-peak hours of a power system. If the bat- 
tery has to deliver 500 MW during a 2-hour 
peak, calculate: 

a. the total weight of the battery; 
b. the volume of the building if the battery 
occupies 30 percent of the space. 

26-20 Calculate the efficiency of the fuel cell 
module shown in Fig. 26-20, and estimate its 
voltage and current output. 





THE COST OF 
ELECTRICITY 


In 1978, the electric power utilities of North 
America supplied a total of 2.1 x 10’*kW-h of 
electrical energy to their industrial, commercial 
and residential customers (Table 27A). This enor- 
mous amount of energy represents 1 kW of power 
continually at the service of every man, woman 
and child, 24 hours per day. The production, 
transmission and distribution of this energy in- 
volves important costs that may be divided into 
two main categories - fixed costs and operating 
costs. 

Fixed costs comprise the depreciation charges 
against buildings, dams, turbines, alternators, cir- 
cuit breakers, transformers, transmission lines and 
any other equipment used in the production, 
transmission and distribution of electrical energy. 
These investments represent enormous sums: in 


1975, they were about $350 000 per employee, 


compared to $60 000 per employee in the auto- 
mobile industry. 

Operating costs include salaries, fuel costs, ad- 
ministration, and any other daily or weekly ex- 
pense. 

Bearing in mind the relative importance of these 
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two types of costs, utility companies have estab- 
lished rate structures that attempt to be as equita- 
ble as possible for their customers. The rates are 
based upon the following guidelines: 

1. the amount of energy consumed [kW-h] or [J]; 
2. the demand or rate at which energy is con- 

sumed [kW] ; 
3. the power factor of the load. 


27-1 Tariff based upon energy 


The cost of electricity depends, first, upon the 
amount of energy consumed. However, even if a 
customer uses no energy at all, he has to pay a 
minimum service charge, because it costs money to 
keep him connected to the line. 

As consumption increases, the cost per kilo- 
watthour drops, usually on a sliding scale. Thus, 
the domestic tariff may start at 10 cents per kilo- 
watthour for the first one hundred kW-h, fall to 
5 cent/kW-h for the next two hundred kW-h, and 
bottom out at 4 cent/kW-h for the rest of the ener- 
gy consumed. The same general principle applies 
to medium-power and large-power users of electri- 
cal energy. 
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TABLE 27A CONSUMPTION OF ELECTRICAL ENERGY IN NORTH AMERICA* 
Type of Number of Total annual Monthly consumption 
customer customers consumption per customer 
[kW-h] [kW-h] 
Industrial 510 000 8.6 x 101! 141 000 
Commercial 10 100 000 5.3 x 101 4 400 
Residential 85 600 000 7.5 x 107! 730 





* These statistics for 1978 were extrapolated from information supplied by the Edison Electric 
Institute. It is expected that the yearly increase in energy consumption will be about 4%. Thus, in 
1990, the total energy will amount to 3.4 x 10!? kW-h. 


27-2 Tariff based upon demand 


The monthly cost of electricity supplied to a large 
customer depends not only upon the energy he 
consumes, but also upon the rate at which he uses 
it. In other words, the cost also depends upon the 
active Power drawn from the line. To understand 


the reason for this, consider the following example. 
Two factories A and B are respectively con- 


nected to a high-tension line by transformers T, 
and Tp (Fig. 27-1). Factory A operates at full load, 
night and day, saturdays and sundays, constantly 
drawing 1000 kW of active power. At the end of 
the month (720h), it has consumed a total of 
1000 kW x 720 = 720 000 kW-h of energy. 
Factory B consumes the same amount of ener- 
gy, but its load is continually changing. Thus, pow- 
er fluctuates between 50 kW and 3000 kW, some- 
times reaching peaks as high as 4000 kW when big 
motors are started up. Obviously, the capacity of 
the transformer and transmission line supplying 
factory B must be greater than those supplying 
factory A. The electric utility must therefore invest 
more capital to service factory B; consequently, it 
is reasonable that B should pay more for its energy. 
It is advantageous, both to the customer and 
the utility company that energy be consumed at a 


constant rate. The more regular the power flow, 
the less the cost. 


27-3 Demand meter 


The high power drawn by a motor during start-up 
does not last long enough to warrant the installa- 
tion of correspondingly large equipment by the 
utility company. The question then arises: How 
long does the power surge have to last, in order to 
be considered significant? The answer depends 
upon several factors, but the period is usually 
taken to be 10, 15 or 30 minutes. For very large 
power users, such as municipalities, the averaging 
period may be as long as 60 minutes. It is called 
the demand interval. 

To monitor the power flowing into the plant, a 
special meter is installed at the customer’s service 
entrance. It automatically measures the average 
power during successive demand intervals (15 min- 
utes, say). The average power measured during 
each interval is called the demand. As time goes 
by, the meter faithfully records the demand every 
15 minutes and a pointer moves up and down a 
calibrated scale as the demand changes. In order to 
record the maximum demand, the meter carries a 
second pointer that is pushed upscale by the first. 





factory A 0 





factory B 0 
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motor energy: 720 000 kW-h 
start-up maximum demand: 1000 kW 


28 30 d 


14 21 


energy: 720 000 kW-h 
maximum demand: 3000 kW 


28 30 d 


14 21 


Figure 27-1 Comparison between two factories consuming the same energy but having different demands. 


The second pointer simply sits at the highest posi- 
tion to which it is pushed. At the end of the 
month, a meterman takes the maximum demand 
reading and resets the pointer to zero. This special 
meter is called a demand meter, and it is installed 





Figure 27-2 Combined energy and demand meter. 
(Sangamo) 


at the service entrance of most industries and com- 
mercial establishments (Fig. 27-2). Figure 27-3 
shows a printing demand meter for metering large 
industrial loads. 


Figure 27-3 Printing demand meter. (General Electric) 
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Example 27-1: 

The graph in Fig. 27-4 represents the active power 
drawn by a large factory between 7:00 and 9:00 in 
the morning. The demand meter has a 30 min de- 
mand interval. Let us assume that at 7:00 the first 
pointer reads 2 MW while the second (pushed) 
pointer indicates 3 MW. What are the meter read- 
ings at the following times: 























a. 7:30; b. 8:00; 
c. 8:30; d. 9:00. 
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7:00 8:00 9:00 


Figure 27-4 Active power absorbed by a plant. 


Solution: 

a. The average power (or demand) between 7:00 
and 7:30 is obviously 2 MW. Consequently, 
pointer 1 indicates 2 MW at 7:30 and pointer 2 
stays where it was at 3 MW. 

b. The average power (or demand) between 7:30 
and 8:00 is equal to the energy divided by time: 

Pg = (7MW x 5Smin + 2MW x 5Smin + 

4 MW x 20 min)/30 min 
= 4.17 MW 

During this interval, pointer 1 gradually moves 
from 2 MW (at 7:30) to 4.17 MW (at 8:00), 
pushing pointer 2 to 4.17 MW. Consequently, 
at 8:00, both pointers indicate 4.17 MW. Note 
that the demand reading is considerably less 
than the 7 MW peak which occurred during this 
interval. 

c. The demand between 8:00 and 8:30 is: 

Pg = (7x5+8x5+4x5+3x5+5x5+ 
1 x 5)/30 
= 4.67 MW 


Thus, at 8:30, both pointers have moved up to 
4.67 MW. 
d. The demand between 8:30 and 9:00 is: 
Pg = (1x5+12x5+1 x 20)/30 
= 283 MW 

During this interval, pointer 1 drops from 
4.67 MW to 2.83 MW, but pointer 2 sits at 
4.67 MW, the previous maximum demand. 


27-4 Tariff based upon power factor 


Many alternating current machines, such as induc- 
tion motors and transformers, absorb reactive 
power to produce their magnetic fields. The power 
factor of these machines is therefore less than uni- 
ty and so, too, is the power factor of the factory 
where they are installed. A low power factor in- 
creases the cost of electrical energy, as the follow- 
ing example shows. 

Consider two factories X and Y that consume 
energy at a uniform rate and have the same maxi- 
mum demand. However, the power factor of X is 
unity while that of Y is 50 percent (Fig. 27-5). 

The energy and demand being the same, the 
watthourmeters and demand meters will show the 
same reading at the end of the month. At first 
glance, it would appear that both users should pay 
the same bill. However, we must not overlook the 
apparent power drawn by each plant: 

Apparent power drawn by factory X: 

S = P/cos@ = 1000/1.0 
= 1000 kVA 
Apparent power drawn by factory Y: 
S = P/cos@ = 1000/0.5 = 2000 kVA 

Because the line current is proportional to ap- 
parent power, factory Y draws twice as much cur- 
rent as factory X. The line conductors feeding Y 
must therefore be twice as big. Worse still, the 
transformers, circuit breakers, disconnect switches, 
and other devices supplying energy to Y, must 
have twice the rating of those supplying X. 

The utility company must therefore invest more 
capital to service factory Y; consequently, it is log- 
ical that it should pay more for its energy, even 
though it consumes the same amount. In practice, 
the rate structure is designed to automatically in- 


Eq. 8-5 


1000 kW 









factory X 0 
1000 kW 
2000 kVA 
kW, kVA 
PS 2000 
1000 
0 
factory Y 0 
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1000 kW 1000 kVA 









7 14 21 28 30 d 
—> time 
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1000 kW 


7 14 21 


28 30d 


Figure 27-5 A low plant power factor requires larger utility company lines and equipment. 


crease the billing whenever the power factor is low. 
Most electrical utilities require that the power fac- 
tor of their industrial clients be 90 percent or 
more, in order to benefit from the minimum rate. 
When the power factor is too low, it is usually to 
the customer’s advantage to improve it, rather 
than pay the higher monthly bill. This is usually 
done by installing capacitors at the service en- 
trance to the plant, on the load side of the me- 
tering equipment. These capacitors may supply 
part of, or all the reactive power required by the 
plant. Industrial capacitors for power factor cor- 
rection are made in single-phase and three-phase 
units rated from 5 kvar to 200 kvar. 


27-5 Typical rate structures 


Electrical power utility rates vary greatly from one 

area to another, and so we can only give a general 

overview of the subject. Most companies divide 

their customers into categories, according to their 

power demand. For example, one utility company 

distinguishes four power categories: 

1. Domestic. power - power corresponding to the 
needs of houses and rented apartments; 

2. Small power - power of less than 100 kilowatts; 

3. Medium power - power of 100 kilowatts and 
more, but less than 5000 kilowatts; 

4. Large power - power in excess of 5000 kilo- 


watts. 

Table 27B shows typical rate structures that 
apply to each of these categories. In addition, a 
contract is usually drawn up between the electrical 
utility and the medium- or large-power customer. 
The contract may stipulate a minimum monthly 
demand, a minimum power factor, the voltage reg- 
ulation, and various other clauses concerning firm 
power, growth rate, liability, off-peak energy, sea- 
sonal energy, price increases, and so forth. How- 
ever, in most cases the rate schedule is quite 
straightforward as given in Table 27B. 


27-6 Demand controllers 


The maximum demand often plays an important 
role in compiling the electricity bill. Substantial 
savings can be made by keeping the maximum de- 
mand as low as possible. Thus, an alarm can be 
installed to sound a warning whenever the demand 
is about to exceed a pre-established maximum.. 
Loads that are not absolutely essential can then be 
temporarily switched off until the peak has passed. 
This procedure can be carried out automatically 
by a demand controller that connects and discon- 
nects individual loads so as to stay within the pre- 
scribed maximum demand (Fig. 27-7). Such a de- 
vice can easily save thousands of dollars per year 
for a medium-power customer. 
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TABLE 27B TYPICAL RATE STRUCTURES 


Residential Rate Structure 
Typical clauses: 


1. ‘*... This rate shall apply to electric service in a single private dwelling... 


a 


2. ... This rate applies to single-phase alternating current at 60 Hz...’ 
Rate Schedule 


Minimum monthly charge - $5.00 plus 

First 100 kW-h per month at 5 cent/kW-h 

Next 200 kW-h per month at 3 cent/kW-h 
Excess over 200 kW-h per month at 2 cent/kW-h 


General Power Rate Structure (medium power) 
Typical contract clauses: 


1. “’... The customer’s maximum demand for the month, or its contract demand, is at least 50 kW but not 
more than 5000 kW... 


2. ... Utility Company shall make available to the customer 1000 kW of firm power during the term of 
this contract... 


3. ... The power shall be delivered at a nominal 3-phase line voltage of 480 V, 60 Hz... 


4. ... The power taken under this contract shall not be used to cause unusual disturbances on the Utility 
Company’s system. In the event that unreasonable disturbances, including harmonic currents, produce 
interference with communication systems, the customer shall at his expense correct such disturbances . . . 


5. ... Voltage variations shall not exceed 7 percent up or down from the nominal line voltage . . . 


6. ... Utility Company shall make periodic tests of its metering equipment so as to maintain a high stan- 
dard of accuracy... 


7. ... Customer shall use power so that current is reasonably balanced on the three phases. Customer agrees 
to take corrective measures if the current on the more heavily loaded phase exceeds the current in either 
of the two other phases by more than 20 percent. If said unbalance is not corrected, Utility Company 
may meter the load on individual phases and compute the billing demand as being equal to 3 times the 
maximum demand on any phase... 
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TABLE 27B TYPICAL RATE STRUCTURES 


8. ... The maximum demand for any month shall be the greatest of the demands measured in kilowatts 
during any 30 minute period of the month... 


9. ... If 90 percent of the highest average kVA measured during any 30 minute period is higher than the 
maximum demand, such amount will be used as the billing demand .. .” 


Rate Schedule 


Demand charge: $3.00 per month per kW of billing demand 

Energy charge: 4 cent/kW-h for the first 100 hours of billing demand 
2 cent/kW-h for the next 50 000 kW-h per month 
1.2 cent/kW-h for the remaining energy 


General Power Rate Structure (large power) 
Typical contract clauses: 
1. ““... Customer’s maximum demand for the month or its contract demand is greater than 5000 kW... 
2. Clauses similar to clauses 2 to 8 listed in the General Power (medium power) contract given above. 
3. ... Contract shall be for a duration of 10 years... 


4. ... The minimum bill for any one month shall equal 70 percent of the highest maximum demand charge 
during the previous 36 months... 


5. ... Utility Company shall not be obligated to furnish power in greater amounts than the customer’s con- 
tract demand...” 


Rate Schedule 


Demand charge: First 75 000 kW of demand per month at $2.50 per kW 
Excess over 75 000 kW of demand per month at $2.00 per kW 
Additional charge for any demand in excess of customer’s contract demand at $2.20 per 
month per kW 
Energy charge: First 20 million kW-h per month at 6.1 mills per kW-h* 
Next 30 million kW-h per month at 6.0 mills per kW-h 
Additional energy at 5.9 mills per kW-h 


I 


* 1 mill = one thousandth of a dollar or one-tenth of a cent. 
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Example 27-2: ous electrical appliances found in a home. Figure 

Billiny of s domieetiecustemer 27-6 is an example of an all-electric home, heated 
by baseboard heaters. 

A homeowner consumes 900 kW-h during the 

month of August. Calculate his electricity bill 

using the residential rate schedule given in Table 


27B. 


Solution: 

Minimum charge = $ 5.00 

First 100 kW-h @ 5 cent/kW-h = 5.00 

Next 200 kW-h @ 3 cent/kW-h = 6.00 

Remaining energy consumed 

(900 - 300) = 600 kW-h = 12.00 
Total bill for the month: $28.00 


This represents an average cost of 1800/900 = 
3.11 cent/kW-h. 

Demand meters are not usually installed in 
homes because the maximum demand seldom ex- 
ceeds 10 kW. 

Table 27C shows the energy consumed by vari- 





Figure 27-6 Alll-electric home that consumes a maximum 
of 9400 kW-h in January, and a minimum of 
2100 kW-h in July. 





TABLE 27C AVERAGE MONTHLY CONSUMPTION OF HOUSEHOLD APPLIANCES 





Average monthly consumption of a family of 5 persons in a modern house equipped with an automatic 
washing machine and a diswasher 


kW-h 


appliance 
consumed 


kW-h 


appliance | 
consumed 


"a AT gl a a lh a ag a a 


Hot water heater 500 Automatic washing machine 100 
(2000 gallons/month) 

Freezer 100 Coffee maker 9 
Stove 100 Stereo system 9 
Lighting 100 Radio i 
Dryer — 70 Lawn mower 7 
Dishwasher 30 Vacuum cleaner 4 
Electric kettle 20 Toaster 4 
Electric skillet 15 Clock 2 
Electric iron 12 
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Example 27-3: 
Billing for a medium-power customer 


A small industry operating night and day, 7 days a 
week, consumes 260000 kW-h per month. The 
maximum demand is 1200 kW, and the maximum 
kVA demand is 1700 kVA. Calculate the electrici- 
ty bill using the medium-power rate schedule. 


Solution: 

a. Clause 9 is important here because 0.90 
x 1700 = 1530 kVA which is greater than 
the maximum demand of 1200 kW. Conse- 
quently, the demand for billing purposes is 
1530 kW and not 1200 kW. In effect, the 
power factor of the plant is low; consequent- 
ly, the “‘billing demand” is higher than the 
metered demand. 

Applying the rate schedule, the demand 
charge Is: 

b. 1530 kW @ $3.00/kW 
The energy charge is: 

c.1 1530 kW x 100 hours 


= $ 4590 








Figure 27-7. Automatic demand controller that sheds 
nonessential loads whenever the demand 
reaches a preset level. (Square D) 
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= 153 000 kW-h @ 4 cent/kW-h 


153 000 x 0.04 = 6120 
c.2 50000 kW-h @ 2 cent/kW-h = 1000 
c.3 The remainder of the energy is: 
(260 000 - 153 000 - 50 000) 
= 57000 kW-h 
c.4 57000 kW-h @ 1.2 cent/kW-h = 684 
Total bill for the month: $12 394 


The average cost of energy is: 
unit cost = 12 394/260 000 
4.77 cent/kW-h 


Example 27-4: 

Referring to Example 27-3, the plant engineering 
department makes a study of the situation and de- 
cides to install a demand controller to disconnect 
non-essential loads during peak load periods. The 
following results were obtained after the device 
was installed: 


new value old value 
energy consumed: 280 000 kW-h 260 000 
maximum demand: 480 kW 1 200 
maximum kVA demand: 700kVA 1700 


Calculate the new bill and the new energy rate. 


Solution: 

a. The billing demand is the greater of 480 kW 
or 700 x 0.9 = 630 kVA. The demand for 
billing purposes is therefore 630 kW, again 
indicating a low plant power factor. The de- 
mand charge Is: 


b. 630 kW @ $3.00/kW = $1890 
| The energy charge is: 
c.1 630kWx 100h 
= 63000 kW-h @ 4 cent/kW-h 
63 000 x 0.04 = 2520 
c.2 50000 kW-h @ 2 cent/kW-h = 1000 
c.3 The remainder of the energy is: 
(280 000 - 63 000 - 50 000) 
= 167 000 kW-h 
c.4 167000 kW-h @1.2 cent/kW-h = _2 004 
Total bill for the month: $7 414 


The average energy cost is: 
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unit cost = 7 414/280 000 
2.65 cent/kW-h 

Note that the cost per kilowatthour has 
dropped very significantly by installing the 
demand controller. We can improve matters 
still more by installing capacitors to raise the 
power factor. The result is given in the next 
example. 


Example 27-5: 

Referring to Example 27-4, capacitors are installed 
at the service entrance to the plant, so as to raise 
the power factor to at least 90 percent. The fol- 
lowing results were obtained some months after 
the capacitors were installed: 


new value old value 
energy consumed: 270 000 kW-h 280 000 
maximum demand: 490 kW 480 
maximum kVA demand: 520 kVA 700 


Calculate the new bill and the corresponding 
energy rate. 





Solution: 

a. The billing demand is the greater of 490 kW 
or 520 x 0.9 = 468 kVA. The billing demand 
is therefore 490 kW which is the same as the 


G.2 
c.3 


c. 4 


metered demand. The power factor of the 
plant is now satisfactory, because even if 
more capacitors were added, the billing 
would not be reduced any more. The de- 
mand charge ts: 


490 kW @ $3.00/kW = $1470 
The energy charge is: 
490 kW x 100h 
= 49000 kW-h @ 4 cent/kW-h 
= 49000 x 0.04 = 1960 
50 000 kW-h @ 2 cent/kW-h = 1000 
The remainder of the energy is: 
(270 000 - 49 000 - 50 000) 
= 171000 kW-h 
171 000 kW-h @ 1.2 cent/kW-h = 2052 
Total bill for the month: $6 482 


The average energy cost is: 
unit cost = 6 482/270 000 
= 2.4 cent/kW-h 
It is clear that the capacitors have signif- 


Figure 27-8 
All-electric industry covering an area of 
1300 m?. It is heated by passing current 


through the reinforcing wire mesh embedded in 
the concrete floor. A load controller connects 
and disconnects the heating sections (nonpriori- 
ty loads) depending on the level of production 
(priority loads). The demand is thereby kept 
below the desired preset level. Annual energy 
consumption: 375000 kW-h; maximum de- 
mand in winter: 92 kW; maximum demand dur- 
ing the summer: 87 kW. (Lab-Volt) 


icantly reduced the energy cost. Figure 27-8 
shows a plant equipped with both a demand 
controller and power-factor correcting ca- 
pacitors. 
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Example 27-6: A monthly bill of nearly $300 000 may 
Billing of a large-power customer appear high, but we must remember that it 
probably represents less than 5 percent of the 
selling price of the finished product. 

Figure 27-9 gives an idea of the power and 
energy consumed by a large city. 


A paper mill consumes 28 million kilowatthours of 
energy per month. The demand meter registers a 
peak demand of 43 000 kW. Calculate the monthly 
bill using the large-power rate schedule given in 


Table 27B. 27-7 Power factor correction 

Solution: | Power factor correction (or improvement) is eco- 

a. The demand charge is: nomically feasible when the monthly decrease in 
43 000 kW @ $2.50/kW = $107 500 the cost of electric power exceeds the amortized 


b. The energy charge is: 
20 million kW-h @ 6.1 mill/kW-h 
20 x 10° x 6.1/1000 = 122000 
8 million kW-h @ 6.0 mill/kW-h 


cost of installing the required capacitors. In some 
cases, the customer has no choice, but must com- 
ply with the minimum power factor specified by 
the utility company. 


8 x 10° x 6.0/1000 = __48 000 The power factor may be improved by installing 
Total bill for the month: $277 500 Capacitors at the service entrance to the plant or 
Average cost per kW-h = 277 500/28 x 10° commercial enterprise. In other cases, it may be 
= 99x10? = 9.9 mill desirable to correct the power factor of an indi- 
or about 1 cent/kW-h vidual device, if its power factor is particularly low. 





Figure 27-9 In 1976, the City of Montreal with 1.84 million inhabitants consumed 16 763 GW-h of electric energy. 
Maximum demand during the winter, 3377 MW; during the summer, 1652 MW. (Service de /a C./.D.E.M., 
Ville de Montréal) 
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Example 27-7: 

A factory draws an apparent power of 300 kVA at 
a power factor of 65% (lagging). What capacity in 
kvar must be installed at the service entrance to 
bring the overall power factor to: 

a. unity; b. 85 percent lagging. 


Solution: 
a. 1 Apparent power absorbed by the plant is: 


S = 300kVA 
a.2 Active power absorbed by the plant is: 
P = Scos@ Eq. 8-5 
= 300 x 0.65 = 195 kW 
a.3 Reactive power absorbed by the plant is: 


O= VS?-P* Eq. 8-4 
= V300? - 195? = 228 kvar 


To raise the power factor to unity, we have 
to supply all the reactive power absorbed by 


the load (228 kvar). The capacitors must — 


therefore have a capacity of 228 kvar, or 
about 76 kvar per phase on a 3-phase line. 
Figure 27-10a shows the active and reactive 
power flow. 





Figure 27-10 


a. Overall power factor corrected to 
unity (Example 27-7). 

b. Overall power factor corrected to 
0.85. 


p[)195 kW 


Q [) 21 kvar 
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228 kvar 
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» 230 kVA 





The factory always draws the same amount 
of active power (195 kW) because the me- 
chanical and thermal loads are fixed. If the 
new overall power factor is to be 0.85 lag- 
ging, the apparent power drawn from the 
line must be: 

S = P/cos6@ 

= 195/0.85 = 230 kVA 

The new reactive power supplied by the line 
iS: 

Q = V230? - 195? = 121 kvar 
Because the plant still needs 228 kvar and 
the line furnishes only 121 kvar, the differ- 
ence must come from the capacitors. The ca- 
pacity of these units is: 


Q = (228-121) = 107 kvar 

Thus, if we can accept a power factor of 
0.85 (instead of unity), we can reduce the 
size of the capacitor bank, and hence the 
cost. Figure 27-10b shows the power flow in 
the transmission line and the factory. Note 
that the factory draws the same active and 
reactive power, irrespective of the size of the 
Capacitor installation. 
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Figure 27-11 


Example 27-8: 

A 600 kW induction furnace, connected to a 800 V 

single-phase line, operates at a power factor of 0.6 

lagging. It is supplied by a 4 kV line and a step- 

down transformer (Fig. 27-11). 

a. Calculate the current in the 4000 V line. 

b. If we install a 500 kvar capacitor on the HV 
side of the transformer, calculate the new pow- 
er factor and the new line current. 


Solution: 
This is an interesting example of a situation where 
individual power factor correction must be applied. 
The reason is that the induction furnace is a single- 
phase device whereas the plant is certainly ener- 
gized by a 3-phase line. We cannot correct the 
power factor of single-phase equipment by adding 
balanced 3-phase capacitors at the service entrance. 
a. 1 Active power absorbed by the furnace is: 

P = 600 kW 
a. 2 Apparent power absorbed is: 

S = P/cos@ = 600/0.6 = 1000 kVA 
a.3 Current in the 4 kV line is: 

I = S/E = 1000/4 = 250A 
b. 1 Reactive power absorbed by the furnace is: 

Q = VS?-P? = V1000? - 6007 

= 800 kvar 

b.2 Reactive power supplied by the capacitor is: 

QO. = 500 kvar 


transformer 


b. 3 


b. 4 


5,2 


b. 6 


b. 7 
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Individual power factor correction (Example 27-8). 


Reactive power supplied by the line is: 

QO. = O-Q, = 800-500 = 300 kvar 
Active power drawn from the line is: 

P, = 600 kW 


Apparent power drawn from the line Is: 

S, = VP.2+Q,2 = V600? + 300 
671 kVA 
New power factor is: 

cos 0 = PL/Si = 600/671 = 0.89 
The new line current is: 

I = S_/E = 671/4 = 167A 
By installing a single-phase capacitor bank, 
the line current drops from 250 A to 167A, 
which represents a decrease of 33%. It fol- 
lows that the /*R loss, and voltage drop on 
the supply line, will be greatly reduced. Fur- 
thermore, the power factor rises from 60% 
to 89% which will significantly reduce the 
monthly power bill. Finally, the 3-phase line 
currents are more likely to be reasonably 
balanced at the service entrance. 
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QUESTIONS AND PROBLEMS 


Practical level 


2/-1 


27-2 


27-3 


27-4 
27-5 


Explain what is meant by the following 
terms: 


demand billing demand 
maximum demand fixed cost 

mill demand interval 

Using the rate schedule given in Table 27B 


calculate the power bill for a homeowner 
who consumes 920 kW-h in one month. 
Explain why a low power factor in a factory 
results in a higher power bill. 

Explain the behavior of a demand meter. 
Using the rate schedule given in Table 27B 
for a medium power customer, calculate the 
monthly power bill under the following con- 
ditions: 


demand meter reading = 120 kW 
billing demand = 150 kW 
energy consumed = 36 000 kW-h 


Intermediate level 


27-6 


27-7 


The demand meter in a factory registers a 
maximum demand of 4300 kW during the 
month of May. The power factor is known 
to be less than 70 percent. 

a. If capacitors had been installed so as to 
raise the power factor to 0.9, would the 
maximum demand have been affected? 

b. Would the billing demand have been af- 
fected? 

According to Example 27-1, the maximum 

demand registered at 8:00 is 4.17 MW. If the 

demand meter were replaced by another one 
having a demand interval of 15 min, calcu- 
late the new value of the maximum demand 


at 8:00. 


27-8 a. Give an estimate of the energy consumed 


in one year by a modern city of 300 000 
inhabitants in North America (Refer to 
Fig. 27-9). 


27-9 


27-10 


27-11 


27-12 


27-13 


b. If the average rate is 40 mill/kW-h, calcu- 
late the annual cost of servicing the city. 

A motor draws 75 kW from a 3-phase line, at 

a cos @ = 0.72 lagging. 

a. Calculate the value of Q and S absorbed 
by the motor. 

b. If a 20kvar 3-phase capacitor is con- 
nected in parallel with the motor, what is 
the new value of P.and Q supplied by the 
line? 


c. Calculate the percent drop in line current 


after the capacitor is installed. 

A plant draws 160 kW at a lagging power 

factor of 0.55. 

a. Calculate the capacitors [kvar] required 
to raise the power factor to unity. 

b. If the power factor is only raised to 0.9 
lagging, how much less would the capac- 
itors cost (in percent)? 

a. Assuming that power in a large industry 
can be purchased at 15 mill/kW-h, esti- 
mate the hourly cost of running a 
4000 hp motor having an efficiency of 
96 percent. 

b. If the motor runs night and day, 365 
days per year, what would the annual 
saving be if the motor were redesigned 
to give an efficiency of 97%. 

a. Referring to the residential rate sched- 
ule given in Table 27B, calculate the 
cost per kW-h if only 20 kW-h are con- 
sumed during a given month. 

b. The heating element on an electric stove 
is rated at 1200 W. Using the same rate 
schedule, what is the least possible cost 
of running it for one hour? 

A barrel of oil costing 32 dollars contains 
42 gal (U.S.) having a heating value of 
115 000 Btu/gal. When the fuel is burned 
in a thermal generating station to produce 
electricity, the overall efficiency is typical- 
ly 35%. Calculate the minimum cost per 
kilowatthour considering only the price of 
the fuel. 





GENERATION 
OF ELECTRICAL 
ENERGY 


Now that we are familiar with the principal ma- 
chines and power devices, we are in a position to 
see how they are used in a large electrical system. 
Such a system comprises all apparatus used in the 
generation, transmission and distribution of elec- 
trical energy, starting from the generating station 
and ending up in the most remote summer home 
in the country. The next three chapters are there- 
fore devoted to the following major topics: 

® the-generation of electrical energy 

@ the transmission of electrical energy 

® the distribution of electrical energy 


28-1 Demand of an electrical system 


The total power drawn by the customers of a large 
utility system fluctuates between wide limits, de- 
pending on the seasons and time of day. Figure 
28-1 shows how the system demand varies during a 
typical summer and winter day. The 15 GW winter 
peak occurs around 17:00 (5p.m.) because in- 
creased domestic activity coincides with industrial 
and commercial centers that are still operating at 
full capacity. 


963 


The load curve of Fig. 28-2 shows the seasonal 
variations for the same system. Note that the peak 
demand during winter (15 GW) is more than twice 


winter ZEW 





—-+» demand 


Figure 28-1 Demand curve of a large system during a 


summer and winter day. 


the minimum demand during summer (6 GW). 
In examining the curve, we note that the de- 
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Figure 28-2 Demand curve of a large system during one year. 


mand throughout the year never falls below 6 GW. 

This is the base /joad of the system. We also see 

that the annual peak /oad is 15 GW. The base load 

has to be fed 100 percent of the time but the peak 
load may be on for only 0.1 percent of the time. 

Between these two extremes, we have /ntermediate 

loads that have to be fed for less than 100 percent 

of the time. 

If we plot the duration of each demand on an 
annual base, we obtain the /oad duration curve of 
Fig. 28-3. For example, the curve shows that a de- 
mand of 9 GW lasts 70 percent of the time while a 
demand of 12 GW lasts for only 15 percent of the 
time. The graph is divided into base, intermediate 
and peak load sections. The peak load portion usu- 
ally includes demands that last for less than 15 
percent of the time. On this basis, the system has 
to deliver 6 GW of base power, another 6 GW of 
intermediate power and 3 GW of peak power. 

These power blocks give rise to three types of 
generating stations: 

a. Base power stations that deliver full power at 
all times. Nuclear stations and coal-fired sta- 
tions are particularly well adapted to furnish 
base demand; 

b. /ntermediate power stations that can respond 
relatively quickly to changes in demand, usually 
be adding or removing one or more generating 
units. Hydropower stations are well adapted for 
this purpose; 


c. Peak generating stations that deliver power for 
brief intervals through the day. Such stations 
must be put in service very quickly. Conse- 
quently, they are equipped with prime movers 
such as diesel engines, gas turbines, compressed- 
air motors or pumped-storage turbines that can 
be started up in a few minutes. In this regard, it 
is worth mentioning that thermal generating 
stations, using gas or coal, take from 4 to 8 
hours to start up, while nuclear stations may 
take several days. Obviously, such generating 
stations cannot be used to supply peak power. 
Referring to Fig. 28-3, the dotted and cross- 

hatched areas indicate the relative amount of ener- 
gy (kW-h) associated with the base, intermediate 
and peak loads. Thus, the base power stations sup- 
ply 58 percent of the total annual energy require- 
ments, while the peak load stations contribute 
only 1.3 percent. The peak load stations are in ser- 
vice for an average of only 1 hour per day. Conse- 
quently, peak power is very expensive because the 
stations that produce it are idle most of the time. 


28-2 Location of the generating station 


The physical location of the generating station; 
transmission lines and substations must be careful- 
ly studied to arrive at an acceptable, economic so- 
lution. We can sometimes locate a generating sta- 
tion next to the primary source of energy and use 
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Figure 28-4 Extracting, hauling and transforming the primary sources of energy is done in different ways. Furthermore, 
the dotted transmission lines connecting the generating stations G with the consumers must go around various 
obstacles. 
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transmission lines to carry the electrical energy 
where it is needed. When this is neither practical or 
economical, we have to transport the primary en- 
ergy (coal, gas, oil) by ship, train, or pipeline to 
the generating station. The generating station may 
therefore be near to, or far away from, the user 
of electrical energy. Figure 28-4 shows some of the 
obstacles that prevent transmission lines from fol- 
lowing the shortest route. Owing to these obstacles, 
both physical and legal, transmission lines often 
follow a zig-zag path between the generating sta- 
tion and the ultimate user. 


28-3 Types of generating stations 


There are three main types of generating stations: 
a. thermal generating station; 

b. hydropower generating stations; 

c. nuclear generating stations. 

Although we can harness the wind, tides, and 
solar energy, these energy sources represent only a 
very small part of the total energy we need. It ap- 
pears we are gradually moving towards an era of 
nuclear and solar energy, because the fossil-fuel 
resources of the world are being depleted at an ac- 
celerating rate. 


28-4 Controlling the power balance 
between generator and load 


The electrical energy consumed by a customer 
must immediately be supplied by the alternators 
because electrical energy cannot be stored. How 
do we maintain this almost instantaneous balance 
between the customer’s requirements and the gen- 
erated power? To answer the question, let us con- 
sider a single hydropower station supplying re- 
gional load R, (Fig. 28-5). Water behind the dam 
flows through the turbine runner, causing the tur- 
bine and alternator to rotate. 

The mechanical power P+ developed by the tur- 
bine depends exclusively on the opening of the 
wicket gates that control the water flow. The 
greater the opening, the more water is admitted to 
the turbine and the increased power is immediate- 


ly transmitted to the alternator. 

On the other hand, the electric power P; drawn — 
from the alternator depends exclusively on the 
load. When the mechanical power Py supplied to 
the rotor is equal to the electrical power P, con- 
sumed by the load, the alternator is in dynamic 
equilibrium and its speed remains constant. The 
electrical system is said to be stable. 

However, we have just seen that the system de- 
mand fluctuates continually, so that P, is some- 
times greater, and sometimes less than Pr. If Py. is 
greater than P+, the generating unit (turbine and 
alternator) begins to slow down. Conversely, if Py. 
is less than P+, the unit speeds up. 

The speed variation of the alternator is there- 
fore an excellent indicator of the equilibrium be- 
tween P, and Py, and hence of the stability of the 
system. If the speed falls, the wicket gates must 
open, and if it rises, they must close so as to main- 
tain a continuous state of equilibrium between P+ 
and P,. Although we could adjust the gates manu- 
ally by observing the speed, we always use an auto- 
matic speed regulator. 

Speed regulators, or governors, are extremely 
sensitive devices. They can detect speed changes as 
small as 0.02 percent. Thus, if the speed of an 
alternator increases from 1800r/min to 
1800.36 r/min, the governor begins to act on the 
wicket gate mechanism. If the load should sudden- 
ly increase, the speed will drop momentarily, but 
the governor will quickly bring it back to rated 
speed. The same corrective action takes place 
when the load is suddenly removed. 

Clearly, any speed change produces a corre- 
sponding change in the system frequency. The fre- 
quency is therefore an excellent indicator of the 
stability of a system. The system is stable so long 
as the frequency is constant. 

The governors of thermal and nuclear stations 
operate the same way, except that they regulate 
the steam valves, allowing more or less steam to 
flow through the turbines. The resulting change in 
steam flow has to be accompanied by a change in 
the rate of combustion. Thus, in the case of a coal- 
burning boiler, we have to reduce combustion as 
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Figure 28-5 Power supplied to three independent regions. 


soon as the valves are closed off, otherwise the 
boiler pressure will quickly exceed the safety lim- 
its. 


28-5 Advantage of interconnected systems 


Consider the three generating stations of Fig. 28-5, 
connected to their respective regional loads Ry, R, 
and R3. Because the three systems are not con- 
nected, each can operate at its own frequency, and 
a disturbance on one does not affect the others. 
However, it is preferable to interconnect the sys- 
tems because 1) it improves the overall stability, 
2) it provides better continuity of service and 3) it 
is more economical. Figure 28-6 shows four inter- 
connecting transmission lines, tying together both 
the generating stations and the regions being ser- 
viced. We now discuss the advantages of such a 
network. 


1. Stability. Systems that are interconnected have 
greater reserve power than a system working alone. 
In effect, a large system is better able to withstand 
a large disturbance and, consequently, it is inher- 
ently more stable. For example, if the load sud- 
denly increases in region Ry, energy immediately 
flows from G, and G3 and over the interconnecting 
tie lines. The heavy load is therefore shared by all 
three stations instead of being carried by one alone. 


2. Continuity of service. If a generating station 
should break down, or if it has to be shut down 
for annual inspection and repair, the customers it 
serves can temporarily be supplied by the two re- 
maining stations. Energy flowing over the tie lines 
is automatically metered, and credited to the sta- 
tion that supplies It. 


3. Economy. When several regions are intercon- 
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Figure 28-6 Three networks connected by 4 tie lines. 


nected, the load can be shared between the various 
generating stations so that the overall operating 
cost is minimized. For example, instead of oper- 
ating all three stations at reduced capacity during 
the night when demand is low, we can shut down 
one station completely and let the others carry the 
load. In this way, we reduce the operating cost of 
one station to “‘zero’’ while improving the efficien- 
cy of the other stations, because they now run 
closer to their rated capacity. 

Electrical utility companies are therefore inter- 
ested in grouping their resources by a grid of inter- 
connecting transmission lines. A central dispatching 
office (control center) distributes the load among 
the various companies and generating stations so as 
to minimize the costs (Fig. 28-7). Owing to the 
complexity of some systems, control decisions are 
often made with the aid of a computer. The dis- 
patching office also has to predict daily and sea- 
sonal load changes and direct the start-up and 
shut-down of generating units so as to maintain 
good stability of the immense and complicated 
network. 

For example, the New England Power Exchange 
(NEPEX) coordinates the resources of 13 electrical 
utility companies serving Connecticut, Rhode Is- 


land, Main and New Hamshire. It also supervises 
power flow between this huge network and the 
State of New York and Canada. 

Although such interconnected systems must 
necessarily operate at the same frequency, we can 
still allocate the load among the various generating 
stations, according to a set program. Thus, if a gen- 
erating unit has to deliver more power, we change 
its governor setting slightly so that more power is 
delivered to the alternator. The increased electrical 
output from this unit produces a corresponding 
decrease in the total power supplied by all the 
other generating stations. 


28-6 Conditions during an outage 


A major disturbance on a system creates a state of 
emergency and immediate steps must be taken so 
that it does not spread to other regions. The sud- 
den loss of an important load or a permanent 
short-circuit of a transmission line constitutes a 
major disturbance. 

If a big load is suddenly lost, the turbines begin 
to speed up and the frequency increases every- 
where on the system. On the other hand, if a gen- 
erator is disconnected, the speed of the remaining 
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Figure 28-7 Technicians in the control rooms of two generating stations communicate with each other or with a central 
dispatching office, while supervising the operation of their respective generating units. 


generators decreases because they suddenly have 
to carry the entire load. The frequency starts to 
decrease - sometimes at the rate of 5 Hz per sec- 
ond if the power loss is big. Under these condi- 
tions, no time must be lost and, if conventional 
methods are unable to bring the frequency back to 
normal, one or more loads must be dropped. Such 
load shedding is done by frequency-sensitive relays 
that open selected circuit breakers as the frequen- 
cy falls. For example, the relays may be set to 
shed 15 percent of the system load when the fre- 
quency reaches 59.3 Hz, another 15 percent when 
it reaches 58.9 Hz and a final 30 percent when the 
frequency is 58 Hz. Load shedding must be done 
in less than one second to “‘save’’ the loads judged 
to be of prime importance. As far as the discon- 


nected customers are concerned, such an outage 


creates serious problems. Elevators stop between 
floors, arc furnaces start to cool down, paper tears 
as it moves through a paper mill, traffic lights stop 
functioning, and so forth. Clearly, it is in every- 
one’s interest to provide uninterrupted service. 
Experience over many years has shown that 
most system short-circuits are very brief. They 
may be caused by lightning, by polluted insulators, 
by falling trees, or by overvoltages created when 
circuit breakers open and close. Such disturbances 
usually produce a short-circuit between two phases 


-or between one phase and ground. Three-phase 


short-circuits are very rare. When we open a short- 
circuited line, the arc extinguishes almost immedi- 
ately; consequently, we can reclose the circuit 
without fear that the arc will restrike. Owing to 
this feature, we can usually prevent a major outage 
by simply opening a short-circuited line and re- 
closing it very quickly. Naturally, such fast switch- 
ing of circuit breakers is done automatically be- 
cause it all happens in a matter of a few cycles. 


28-7 Frequency and electric clocks 


The frequency of a system fluctuates as the load 
varies, but the turbine governors always bring it 
back to 60 Hz. Owing to these fluctuations, the 
system gains or loses a few cycles throughout the 
day. When the accumulated loss or gain is about 
180 cycles, the error is corrected by making all the 
alternators turn either faster or slower for a brief 
interval. The frequency correction is effected ac- 
cording to instructions from the dispatching center. 
In this way, a 60 Hz network generates exactly 
5 184 000 cycles in a 24-hour period. Electric 
clocks connected to the network are therefore 
very accurate, because the position of the seconds 
hand is directly related to the number of elapsed 
cycles. 
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HYDROPOWER GENERATING STATIONS 


Hydropower generating stations convert the ener- 
gy of moving water into electrical energy by means 
of a hydraulic turbine coupled to an alternator. 


28-8 Available power 


The power that can be extracted from a waterfall 
depends on its height and rate of flow. The size 
and physical location of a hydropower station de- 
pends therefore on these two factors. The available 
power can be calculated by the equation: 


P = 9.8 gh (28-1) 
where 


P = available water power [kW] 
q = water flow [m°/s] 
head of water [m] 


~ 
Il 


Owing to friction losses in the water conduits, 
turbine casing, and the turbine itself, the mechani- 
cal power output of the turbine is somewhat less 
than that calculated by Eq. 28-1. However, the ef- 
ficiency of large hydraulic turbines is between 90 
and 94 percent. The alternator efficiency is even 
higher, ranging from 95 to 98 percent. 


Example 28-1: 

A large hydropower station has a head of 324m 

and an average flow of 1370 m°/s. The reservoir is 

sical aaa of a series of lakes covering an area of 

6400 km’. Calculate: 

a. the available hydraulic power; 

b. the number of days this power could be sus- 
tained if the level of the impounded water were 
allowed to drop by 1 m (assume no precipita- 
tion or evaporation and neglect water brought 
in by surrounding rivers and streams). 


Solution: 
a. P = 98qh 
9.8 x 1370 x 324 


4 350 000 kW = 


4350 MW 


b. A drop of 1 min the water level corresponds to 
6400 x 10°m? of water. Because the flow is 
1370 m/s, the time for all this water to flow 
through the turbines is: 

t = 6400 x 10°/1370 = 4.67 x 10°s 
= 1298h = 54 days 
As a matter of interest, a flow of 1370 m/s is 
about 10 times the amount of water consumed 
by the city of New York, including all its sub- 
urbs. 


28-9 Types of hydropower stations 


Hydropower stations may be divided into three 
groups depending on the head of water: 

1. high-head development; 

2. medium-head development: 

3. low-head development. 

High-head developments have heads in excess of 
300 m, and high-speed Pelton turbines are used. 
Such generating stations are found in the Alps and 
other mountainous regions. The amount of im- 
pounded water is usually small. 

Medium-head developments have heads between 
30m and 300m and medium-speed Francis tur- 
bines are used. The generating station is fed by 
water held back by a dam. The dam is usually built 
across a river bed in a relatively mountainous re- 
gion. A great deal of water is impounded behind 
the dam (Fig. 28-8). 

Low-head developments have heads under 30 m 
and low-speed Kaplan or Francis turbines are used. 
These generating stations often extract the energy 
from flowing rivers. The turbines are designed to 
handle large volumes of water at low pressure. No 
reservoir is provided (Fig. 28-9). 


28-10 Makeup of a hydropower plant 


A hydropower installation consists of dams, water- 
ways and conduits that impound and channel 
water towards the turbines. These, and other items 
described below, enable us to understand some of 
the basic features and components of a hydropow- 
er plant (see Fig. 28-10). 
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Figure 28-8 


Grand Coulee Dam on the Columbia River, in the 
State of Washington, is 108 m high and 1270 m wide. 
It is the largest hydropower plant in the world, having 
18 generating units of 125 MW each and 12 generating 
units of 600 MW each, for a total of 9450 MW of in- 
stalled capacity. The spillway can be seen in the mid- 
dle of the dam. (General Electric) 





Figure 28-9 


The Beauharnois generating station, on the St.Law- 
rence River, contains 26 3-phase alternators rated 
50 MVA, 13.2 kV, 75 r/min, 60 Hz at a power factor 
of 0.8 lagging. An additional 10 units rated 65 MVA, 
94.7 r/min, make up the complete installation. The 
output ranges between 1000 MW and 1575 MW de- 
pending upon the water flow. (Hydro-Québec) 
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Figure 28-10 Cross section view of a medium-head hydropower plant. 
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1. Dams. Dams made of earth or concrete are 
built across river beds to channel the water towards 
the powerhouse and to create storage reservoirs. 
Reservoirs can compensate for the reduced precipi- 
tation during dry seasons, and for the abnormal 
flows that accompany heavy rains and melting 
snow. In effect, dams permit us to regulate the wa- 
ter flow throughout the year, so that the power- 
house may run at close to full capacity. 

Spillways are provided next to the dam to dis- 
charge water whenever the reservoir level is too 
high. In effect, we have seen that the demand 
varies considerably throughout the day and is usu- 
ally quite small at night. Consequently, we cannot 
always use the available water to supply energy to 
the system. If the water reservoir is small or almost 
nonexistant (such as in run-of-river stations), we 
unfortunately have to let the water through the 
spillway, without using it. 

Dams often serve a dual purpose, providing irri- 
gation and navigation facilities, in addition to their 
power-generating role. 


2. Conduits penstocks and scroll-case. In large in- 
Stallations, conduits lead the water from the dam 
site to the hydro plant. They may be open canals, 
or tunnels carved through rock. They feed one or 
more penstocks (huge steel pipes) which bring the 
water to the individual turbines. Enormous valves, 
sometimes several meters in diameter, enable the 
water supply to be shut off in the conduits. 

The penstocks channel the water into a scroll- 
case that surrounds the runner so that water is 
evenly distributed around its circumference. Guide 
vanes and wicket gates control the water flow so 
that it flows smoothly into the runner blades (see 
Figs. 28-11, 28-12 and 28-13). The wicket gates 
open and close in response to a powerful hydraulic 
mechanism that is controlled by the respective tur- 
bine governors. 


3. Draft tube and tailrace. Water that has passed 
through the runner moves next through a carefully 
designed vertical channel, called draft tube. The 
draft tube improves the efficiency of the turbine. 





Figure 28-11 Spiral case feeds water around the circum- 
ference of a 483 MW turbine. (Marine In- 
dustrie) 





Figure 28-12 Inside the case a set of adjustable wicket 
gates control the amount of water flowing 
into the turbine. (Marine Industrie) 


It leads out to the tailrace bringing the water into 
the downstream river bed. 


4. Powerhouse. The powerhouse contains the al- 
ternators, transformers, circuit breakers, etc., and 
associated control apparatus. Instruments, relays, 
and meters are contained in a central control room 
where the entire station can be monitored and 
controlled. Finally, many other devices, too nu- 
merous to mention here, make up the complete 
hydropower station. 





Figure 28-13 


Runner of a Francis-type turbine being lowered into posi- 
tion at the Grand Coulee Dam. The turbine is rated at 
620 MW, 72r/min and operates on a nominal head of 
87 m. Other details: runner diameter: 10 m; runner mass: 
500 t; maximum head: 108 m; minimum head: 67 m; tur- 
bine efficiency: 93 percent; number of wicket gates: 32; 
mass per wicket gate: 6.3 t; turbine shaft length: 6.7 m; 
mass of shaft: 175 t. (Les Ateliers d’Ingénierie Dominion) 


28-11 Pumped storage installations 


We have already seen that peak power stations are 
needed to meet the variable system demand. To 
understand the different types of peaking systems 
used, consider a simple network in which the daily 
demand varies between 100 MW and 160 MW, as 
shown in Fig. 28-14. One obvious solution is to in- 
stall a 100 MW base-power station and a peak- 
power unit of 60 MW, driven by a gas turbine. 
However, another solution is to install a larger 
base-power unit of 130 MW and a smaller peaking 
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station of 30 MW. The peaking station must be 
able to both deliver and absorb 30 MW of electric 


power. During lightly loaded periods (indicated by 
a minus in Fig. 28-15), the peaking station receives 


-and stores energy provided by the base-power gen- 


erating plant. Then, during periods of heavy de- 
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Figure 28-14 A 100MW base power station and a 
60 MW peak power station can supply the 
network demand. 
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Figure 28-15 A 130MW base power station and a 
30 MW pumped storage unit can also sup- 
ply the network demand. 


mand (shown by a plus), the peaking station re- 
turns the energy it had previously stored. 

This method has two advantages: 

1. the base-power station is larger and, conse- 
quently, more efficient; 

2. the peak-power station is much smaller and, 
therefore, less costly. 

Large blocks of energy can only be stored me- 
chanically, and this is why we often use a hydraulic 
pumped-storage system. Such a system consists of 
an upper and a lower reservoir connected by a pen- 
stock and an associated generating/pumping sta- 
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tion. During system peaks, the station acts like an 
ordinary hydropower source, delivering electrical 
energy as water flows from the upper to the lower 
reservoir. However, during light load periods, the 
process is reversed. The alternator then operates as 
a synchronous motor, driving the turbine as an 
enormous pump. Water now flows from the lower 
to the upper reservoir, thereby storing energy in 
preparation for the next system peak (Fig. 28-16). 

This generating/pumping cycle is repeated once 
or twice per day, depending on the nature of the 
system load. Peak-power alternators have ratings 
between 50 MW and 500 MW. They are reversible 
because the direction of rotation has to be changed 
when the turbine operates as a pump. 
Repeated starting of such big synchronous motors 
puts a heavy load on the transmission line, and 
special methods must be used to bring them up to 
speed. Pony motors are often used, but static elec- 
tronic frequency converters are also gaining 
ground. 

Pumped storage installations operating in con- 
junction with nuclear plants make a very attractive 
combination because the latter give best efficiency 
when operating at constant load. 


Figure 28-16 


This pumped storage station, in Tennessee, 
pumps waiter from Lake Nickajack to the top of 
Raccoon Mountain, where it is stored in a 
2 km? (= 500 acres) reservoir, giving a 316m 
head. The four alternator/pump units can each 
deliver 425 MVA, during the system peaks. The 
units can be changed over from generators to 
pumps in a few minutes. (Tennessee Valley 
Authority) 


THERMAL GENERATING STATIONS 


Thermal generating stations produce electricity 
from the heat released by the combustion of coal, 
oil, or natural gas. Most stations have ratings be- 
tween 200 MW and 1500 MW so as to attain the 
high efficiency and economy ofa large installation. 
Such a station has to be seen to make one realize 
its enormous complexity and size. 

Thermal stations are usually located near a river 
or lake because large quantities of cooling water 
are needed to condense the steam as it exhausts 
from the turbines. The hydraulic resources of most 
modern countries are already fully developed. Con- 
sequently, we have to rely on thermal and nuclear 
stations to supply the growing need for electrical 
energy. 


28-12 The process of combustion 


In every chemical reaction, the molecules of two 
substances combine to create a new substance. 
Thus, the chemical reaction between an atom of 
sodium (Na) and an atom of chlorine (Cl) pro- 
duces a molecule of table salt (NaCl). Some chemi- 


cal reactions, especially those involving oxygen at- 
oms, produce not only a new substance, but also 
release energy in the form of heat. In some cases, 
the heat released is so great that the resulting high 
temperature causes the reacting elements to glow, 
creating what we call a fire. 

Oxygen in the air reacts actively with carbon 
(C), hydrogen (H), sulfur (S), and every substance 
containing these atoms. This explains why coal, 
wood, oil, and natural gas burn in the presence of 
air. 


28-13 Fuels 


Atoms of oxygen combine in precise known pro- 
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is released. The chemical reaction produces carbon 
dioxide, a nontoxic gas that has the same composi- 
tion as the air we exhale. Because dry air contains 
0.23 parts of oxygen per unit mass, we multiply 
the mass of oxygen by 1/0.23 = 4.3 to obtain the 
mass of air needed to burn a given quantity of fuel. 

By using the values given in Table 28A, we can 
calculate the heat released by any fuel if we know 
its composition. Tables 28B and 28C show the 
heat released by typical samples of coal, oil and 
natural gas. 


Example 28-2: 
The coal from a particular mine has the following 
composition, by weight: 


portions with atoms of carbon, hydrogen and sul- carbon 60% sulfur 3% 
fur. The amount of heat released and the resulting hydrogen 2% other elements 35% 
products of combustion can therefore be predicted Calculate: 


in advance when we know the makeup of the fuel. 
Table 28A gives some of these details. For instance, 
during the complete combustion of 1 kg of carbon, 
2.67 kg of oxygen is required and 33.8 MJ of heat 


a. the approximate heat released per tonne 
(1000 kg) of coal; 

b. the mass of air required to ensure complete 
combustion. 








TABLE 28A FUELS, HEAT, AND PRODUCTS OF COMBUSTION 
mass mass heat products mass volume 
Fuel of of released of of of 
fuel oxygen = combustion air airt 
— (kg) (kg) MJ — (kg) m°> 
carbon C 1 2.67 33.8 CO, 11.5 9.6 
hydrogen H 1 8 120* HO 34.5 28.8 
sulfur S 1 1 9.3 SO, 4.3 3.6 
methane CH, 1 4 50° CO, + HO 17.2 14.3 
ethane C,H, 1 3.73 47.5* CO,+H,O 16.1 13.4 
propane C3Hs 1 3.64 46.5* CO,+H,0 15.6 43 


* Energy that is available after having substracted the latent heat of vaporization of water (not recuperable in a boiler). 
t Ata temperature of 20°C and pressure of 101 kPa. 
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Solution: 

a.1 One tonne of coal contains the following 
masses of C, H, and S, which respectively re- 
lease the heat indicated below: 


carbon: 600 kg @ 33.8 MJ/kg = 20.3 GJ 
hydrogen: 20kg@120MJ/kg = 2.4 
sulfur: 30 kg @ 9.3 MJ/kg = 0.3 
other (noncombustible) elements: 
350 kg = 0.0 
Total heat released = 23 GJ 


b. Referring to Table 28A, the mass of air re- 
quired for each substance is: 


carbon: 600 kg x 11.5 = 6900 
hydrogen: 20 kg x 34.5 = 690 
sulfur: 30 kg x 4.3 = 129 
Total air required = 7/19 kg 
= 7.7t 


Note: The above calculations are very ap- 
proximate, but they do indicate the 
order of magnitude of the quantities 
involved. 


28-14 Products of combustion 


Carbon dioxide (CO,), sulfur dioxide (SO,), and 
water are the main products of combustion when 
oil, coal, or gas are burned. Carbon dioxide and 
water produce no serious environmental effects, 
but sulfur dioxide creates substances that irritate 
the respiratory tracts. Dust and fly ash are other 
pollutants that may reach the atmosphere. Natural 
gas produces only water and CO,. This explains 
why gas is used (rather than coal or oil), when at- 
mospheric pollution must be reduced to a mini- 
mum. 


28-15 Makeup of a thermal generating station 


The basic structure and principal components of a 

thermal generating station are shown in Fig. 28-18. 

They are itemized and described below. 

® A huge boiler (1) acts as a furnace, transferring 
heat from the burning fuel to row upon row of 
water tubes S,, which entirely surround the 
flames. Water is kept circulating through the 
tubes by a pump P,. 


A drum (2) containing water and steam under 
high pressure, produces the steam required by 
the turbines. It also receives the water delivered 
by boiler feed pump P3. Steam races towards 
high-pressure turbine HP after having passed 
through superheater S,. The superheater, com- 
posed of a series of tubes surrounding the 
flames, raises the steam temperature by about 
200°C. This ensures that the steam is absolutely 
dry and raises the overall efficiency of the sta- 
tion. 


High-pressure turbine (3) converts thermal ener- 
gy into mechanical energy by letting the steam 
expand as it moves through the turbine blades. 
The temperature and pressure at the output of 
the turbine are therefore less than at the input. 
In order to raise the thermal efficiency and to 
prevent premature condensation, the steam 
passes through a reheater S3, composed of a 
third set of heated tubes. 


Medium-pressure turbine (4) is similar to the 
high-pressure turbine, except that it is bigger so 
that the steam may expand still more. 


Low-pressure turbine LP (5), made in two iden- 
tical sections, removes the remaining available 
energy from the steam. The steam flowing out 
of LP expands into an almost perfect vacuum 
created by the condenser. 


Condenser (6) causes the steam to condense by 
letting it flow over cooling pipes S4. Cold water 
from an outside source flows through the pipes, 
thus carrying away the heat. A condensate 
pump P, removes the lukewarm condensed wa- 
ter and drives it through a reheater (7) towards 
feedwater pump (8). . 


Reheater (7) is a heat exchanger. It receives hot 
steam, bled off from high-pressure turbine HP, 
to raise the temperature of the feedwater. Ther- 
modynamic studies show that the overall ther- 
mal efficiency is improved when some steam is 
bled off this way, rather than letting it follow 
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Figure 28-18 Principal components of a thermal power plant. 


its normal course through all three turbines. 


Boiler feed pump (8) forces the feedwater into 
the high-pressure drum, thus completing the 
thermal cycle. 


The burners (9) supply and control the amount 
of gas, oil or coal injected into the boiler. Coal 
is pulverized before it is injected. Similarly, 
heavy bunker oil is preheated and injected as an 
atomized jet to improve surface contact (and 
combustion) with the surrounding air. 


A forced-draft fan (10) furnishes the enormous 
quantities of air needed for combustion (see 
Fig. 28-19). 


An induced-draft fan (11) carries the gases and 
other products of combustion towards cleans- 


_ ing apparatus and from there to the stack and 
the outside air. 


@ Generator G, directly coupled to all three tur- 
bines, converts the mechanical energy into elec- 
trical energy. 


In practice, a steam station has hundreds of other 
components and accessories to ensure high effi- 
ciency, safety, and economy. For example, control 
valves regulate the amount of steam flowing to the 
turbines; complex water purifiers maintain the re- 
quired cleanliness and chemical composition of the 
feedwater; oil pumps keep the bearings properly 
lubricated, and so on. However, the basic compo- 
nents we have just described enable us to under- 
stand the operation and some of the basic prob- 
lems of a thermal station. 
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TABLE 28B TYPICAL COMPOSITION OF SAMPLES OF COAL AND OIL 


mass of substance as a percent of mass of sample 





substance 
in the UNIT coal coal oil oil 
sample sample A sample B sample X sample Y 
carbon % 55 85 85.5 85 
hydrogen % 2 2 13.5 10.5 
sulfur % 1 4 1 4 
waste % 42 6 — 0.5 


heat content | 
in sample MJ/kg 21 35 45 42 








TABLE 28C TYPICAL COMPOSITION OF NATURAL GAS 





mass of substance as a percent 


substance of mass of sample 


in the . 

sample Symbol | , Unit sample 1 sample 2 
methane CH, % 63 96 
ethane C2H., % 3 0.1 
propane _ C3Hes ! % 2 0 
nitrogen N. : % | 28 1 
waste | % 4 3 


heat content 
in sample MJ/kg 33.8 48 





Figure 28-19 This forced-draft fan provides 455 m3/s of 
air at a pressure difference of 5.8 kPa fora 
thermal power station. It is driven by a 3- 
phase induction motor rated 12000 hp 
(8955 kW), 60 Hz, 890 r/min. (Novenco 
Inc.) 


28-16 Turbines 


The low-, medium-, and high-pressure turbines pos- 
sess a series of blades mounted on the drive shaft 
(Fig. 28-20). The steam is deflected by the blades, 
producing a powerful torque. The blades are made 
of special steel to withstand the high temperature 
and intense centrifugal forces. 

Most turbines are coupled together to drive a 
common alternator. However, in some large instal- 
lations, the HP turbine drives one alternator while 
the MP and LP turbines drive another having the 
same rating. 
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Figure 28-20 Low-pressure section of a 375 MW, 
3600 r/min turbogenerator set, showing 
the radial blades. (General Electric) 


28-17 Condenser 


About one-half the energy produced in the boiler 
is removed from the steam when it exhausts into 
the condenser. Consequently, enormous quantities 
of water are needed to carry away the heat. The 
temperature of the cooling water increases typical- 
ly by 5°C to 10°C as it flows through the condens- 
er tubes. The condensed steam (condensate) usual- 
ly has a temperature between 27°C and 33°C and 
the corresponding absolute pressure is a near-vacu- 
um of about 5 kPa. The cooling water temperature 
is only a few degrees below the condensate tem- 
perature (see Fig. 28-21). 


28-18 Cooling towers 


If the thermal station is located in a dry region, or 
far away from a river or lake, we still have to cool 
the condenser, one way or another. We often use 
evaporation to produce a cooling effect. To under- 
stand the principle, consider a lake which exposes 
a large surface to the surrounding air. A lake evap- 
orates continually, even at low temperatures, and 
tests have shown that for every kilogram of water 
that evaporates, the lake loses 2.4 MJ of heat. Con- 
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Figure 28-21 Condenser rated at 220 MW. Note the 
large pipes feeding cooling water into and 
out of the condenser. The condenser is as 
important as the boiler in thermal and nu- 
clear power stations. (Foster-Wheeler 
Energy Corporation) 


sequently, evaporation causes the lake to cool 
down. 

Consider now a tub containing 100 kg of water 
at a certain temperature. If we can somehow cause 
1 kg of water to evaporate, the temperature of the 
remaining 99 kg will drop by 5 C.* We conclude 
that whenever 1 percent of a body of water evapo- 
rates, the temperature of the remaining water 
drops by 5°C. Evaporation is therefore a very ef- 
fective cooling process. 

But how can we produce evaporation? Surpris- 
ingly, all that is needed is to expose a large surface 
of water to the surrounding air. The simplest way 
to do this is to break the water up into small drop- 
lets, and blow air through the resulting artificial 
rain. 

In the case of a steam station, the warm cooling 
water from the condenser is broken up into small 
droplets inside a cooling tower (Fig. 28-22). Evap- 
oration takes place, and the droplets are chilled as 
they fall towards an open reservoir below. The 
cool water is pumped from the reservoir and re- 


* The exact value is 5.8°C. 


turned to the condenser where it again removes 
heat from the condensing steam. The cycle then 
repeats. Approximately 2 percent of the cooling 
water that flows through the condenser is lost by 
evaporation. This loss can be made up by an un- 
derground spring, a stream, or small lake. 


28-19 Boiler feed pump 


The boiler feed pump drives the feedwater into the 
high-pressure drum. The high pressure and large 
volume of water flowing through the pump re- 
quires a very powerful motor to drive it. In mod- 
ern steam stations, the pumping power represents 
about 1 percent of the alternator output. Although 
this appears to be a significant loss, we must re- 
member that the energy expended is later recov- 
ered when the high-pressure steam flows through 
the turbines. Consequently, the energy supplied to 
the feed pump motor is not really lost, except for 
the small portion consumed by the losses in the 
motor and pump themselves. 


28-20 Energy flow diagram for a steam plant 


Modern thermal generating stations are very simi- 
lar throughout the world because all designers 
strive for high efficiency at lowest cost. This 
means that materials are strained to the limits of 
safety as far as temperature, pressure, and centrifu- 
gal forces are concerned. Because the same materi- 
als are available to all, the resulting systems are 
necessarily similar. Figure 28-23 shows a typical 
540 MW turbine-generator set and Fig. 28-24 is a 
view of the control room. 

Most modern boilers furnish steam at a temper- 
ature of 550°C and a pressure of 16.5 MPa. The 
overall efficiency (electrical output/thermal input) 
is then about 40 percent. The relative amounts of 
energy, steam flow, losses, and so forth, do not 
change very much, provided the temperature and 
pressure are about as indicated above. This enables 
us to draw a simple flow diagram showing the en- 
ergy situation in a reduced-scale model of a typical 
steam station. Figure 28-25 shows such a model, 
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Figure 28-22 


Cooling tower installed in a nuclear power sta- 
tion in Oregon. The generator output is 
1280 MVA at a power factor of 0.88. Tower 
characteristics: height: 152 m; diameter at the 
base: 117 m; diameter at the top: 76 m; cooling 
water: 27 m/s; water loss by evaporation: 
0.7 m?/s. The temperature of the cooling water 
drops from 44.5°C to 24°C as it passes through 
the tower. (Portland General Electric Company) 


Figure 28-23 


This 540 MW turbogenerator set runs at 
3600 r/min, generating a frequency of 60 Hz. 
The low-pressure turbine and alternator are in 
the background. (General Electric) 
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Figure 28-24 


Control room of the 540 MW turbogenerator 
set. (General Electric) 
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Figure 28-25 Scale model of a typical thermal generating station. 


producing 30 MW of thermal power and generating 
12 MW of electrical power. 

For example, a 480 MW station (40 times more 
powerful than the model) has the following ap- 
proximate characteristics: 


Electric power output: 480 MW 
Coal consumption: 40 kg/s 
Air intake: 400 kg/s 
Boiler thermal power: 1200 MW 
Steam output: 320 kg/s 


Cooling water requirement 
(with At= 10°C): 14400 kg/s = 14.4 m/s 
Heat carried away by the cooling water: 600 MW 
If a cooling tower is required, it would have to 
evaporate: 
gq = 2%x 14.4 = 0.29 m/s 
of cooling water. This loss has to be made up by a 
local source of water. 


NUCLEAR GENERATING STATIONS 


Nuclear stations produce electricity from the heat 
released by a nuc/ear reaction. \When the nucleus 
of an atom splits in two (a process called atomic 
fission), a considerable amount of energy is re- 


leased. Note that a chemical reaction, such as the 
combustion of coal, produces only a rearrange- 
ment of the atoms, without in any way affecting 
their nuclei. 

A nuclear station is identical to a thermal sta- 
tion except that the boiler is replaced by a nuclear 
reactor. The reactor contains the fissile material 
that generates the heat. A nuclear station therefore 
contains an alternator, steam turbine, condenser, 
etc., similar to those found in a conventional 
steam station. The overall efficiency is also similar 
(between 30 and 40 percent) and a cooling system 
must be provided for. Consequently, nuclear sta- 
tions are also located close to rivers and lakes. In 
dry areas, cooling towers are installed. Owing to 
these similarities, we will only examine the oper- 
ating principle of the reactor itself. 


28-21 Composition of an atomic nucleus 


The nucleus of an atom contains two types of par- 
ticles - protons and neutrons. The proton carries a 
positive charge, equal to the negative charge on an 
electron. The neutron, as its name implies, has no 
electric charge. Neutrons are therefore neither at- 
tracted nor repelled by protons and electrons. 
Protons and neutrons have about the same 


mass, and both weigh 1840 times as much as elec- 
trons do. The mass of an atom is therefore concen- 
trated in its nucleus. 

The number of protons and neutrons in the nu- 
cleus depends upon the element. Furthermore, be- 
Cause an atom is electrically neutral, the number 
of electrons is equal to the number of protons. Ta- 
ble 28D gives the atomic structure of a few impor- 
tant elements used in nuclear reactors. For exam- 
ple, there are three types of hydrogen atoms that 
can be distinguished from each other only by the 
makeup of the nucleus. First, there is ordinary hy- 
drogen (H), whose nucleus contains 1 proton and 
no neutrons. Next, there are two rare forms, deu- 
terium (D) and tritium (°H) whose nuclei respec- 
tively contain 1 and 2 neutrons, in addition to the 
usual proton. These rare forms are called /sotopes 
of hydrogen. 

When two atoms of ordinary hydrogen unite 
with one atom of oxygen, we obtain ordinary wa- 
ter (H,O) called /ight water. On the other hand, if 
2 atoms of deuterium unite with 1 atom of oxygen, 
we obtain a molecule of heavy water (D,O). The 


TABLE 28D 
Element Symbol Protons 
hydrogen H 1 
deuterium D 1 
tritium °H 1 
helium He 2 
carbon C 6 
iron Fe 26 
uranium 235 ss) 9 92 
2381) 92 


uranium 238 
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oceans contain about 1 kg of heavy water for ev- 
ery /000 kg of sea water. | 

In the same way, two types of uranium atoms 
are found in nature: uranium 238 (72°U) and ura- 
nium 235 (73°U). Each contains 92 protons, but 
differing numbers of neutrons. Uranium 238 is 
very common, but the isotope 235 UY is rare.” 

Uranium 235 and heavy water deserve our at- 
tention because both are essential to the operation 
of the nuclear reactors we are about to describe. 


28-22 Energy released by atomic fission 


When the nucleus of an atom fissions, it splits in 
two. The total mass of the two atoms formed in 
this way is usually less than that of the original 


* The ore from uranium mines contains the compound 


U,O,, very roughly in the proportion of 1000 to 1. 
Furthermore, U,O, is actually composed of 7*°U,O, 
and ?9°U,O, in the relatively precise ratio of 139.8 to 
1. It is very difficult to separate these two substances 
because 7°8U and 23°U possess identical chemical prop- 
erties (see Fig. 28-27). 


ATOMIC STRUCTURE OF SOME ELEMENTS 


mass number 


Electrons Neutrons (neutrons + protons) 
1 0 
1 1 4 
1 2 ? 
2 2 ‘ 
6 6 12 
26 320 52 
92 143 235 


92 146 238 
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atom. If there is a loss in mass, energy is released 
according to Einstein’s equation: 


(28-2) 





F = energy released [J] 
loss of mass [kg] 
speed of light [3 x 10°m/s] 

An enormous amount of energy is released be- 
cause a loss in mass of only 1 ug produces 9 x 
x 10!° J, which is equivalent to the heat given off 
by burning 3 tonnes of coal. Uranium is one of 
those elements that loses mass when it fissions. 
However, uranium 235 is more “‘fissionable”’ than 
uranium 238 is, and so large separating plants have 
been built to isolate molecules containing eee (y 
from those containing 7°°U.* 


eee 
ot 


28-23 Chain reaction 


How can we provoke the fission of a uranium 
atom? One way is to bombard its nucleus with 
neutrons. A neutron makes an excellent projectile 
because it is not repelled as it approaches the nu- 
cleus and, if its speed is not too great, it has a good 
chance of scoring a hit. If the impact is strong 
enough, the nucleus will split in two, releasing en- 
ergy. The fission of one atom of *°U frees 
218 MeV of energy, mainly in the form of heat. 
Fission is a very violent reaction on an atomic 
scale, and it produces a second important effect: it 
ejects 2 or 3 neutrons that move at high speed way 
from the broken nucleus. These neutrons collide 
with other uranium atoms and so a chain reaction 
quickly takes place, releasing a tremendous 
amount of heat. 

This is the principle that causes atomic bombs 
to explode. A mere 300g of UO, (type 7°°U) is 


* For example, in uranium dioxide (UO,) enrichment 
plants the ratio of *2°UO, to 748 UO, is typically raised 
tg 0.03, compared to the natural, nonenriched ratio of 
1/139.8 or 0.007 15. 


enough to produce a violent explosion. Although a 
uranium mine also releases neutrons, the concen- 
tration of 7°U atoms is too low to produce a 
chain reaction. 

In the case of a nuclear reactor, we have to slow 
down the neutrons to increase their chances of 
striking other uranium nuclei. Towards this end, 
small fissionable masses of a uranium compound 
(such as UO.) are sunk within a moderator. The 
moderator may be ordinary water, heavy water, 
graphite, or any other material that can slow down 
neutrons without absorbing them. By using an ap- 
propriate geometrical distribution of the uranium 
fuel within the moderator, we can reduce the 
speed of the neutrons so they have the required 
velocity to initiate other fisions. Only then will a 
chain reaction take place, causing the reactor to 
“‘go critical’’. 

As soon as the chain reaction starts, the temper- 
ature rises rapidly. To keep it at an acceptable lev- 
el, a liquid or gas has to flow through the reactor 
to carry away the heat. The coolant may be heavy 
water, ordinary water, liquid sodium or a gas like 
helium or carbon dioxide. The hot coolant moves 
in a closed circuit which includes a heat exchanger. 
The latter transfers the heat to a steam generator 
that drives the turbines (Fig. 28-26). 


28-24 Types of nuclear reactors 


There are several types of reactors, but the follow- 
ing are the most important: 


1. Pressure water reactor (PWR). Water is used as 
a coolant and it is kept under such high pressure 
that it cannot boil off into steam. We can use ordi- 
nary water, as in light-water reactors, or heavy wa- 
ter as in CANDU* reactors. 


2. Boiling water reactors (BWR). The coolant in 
this reactor is ordinary water boiling under high 
pressure and releasing steam. This eliminates the 


* 


CANDU: Canada Deuterium Uranium, developed by 
the Atomic Energy Commission of Canada. 


coolant 
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Figure 28-26 Schematic diagram of a nuclear power station. 


need for a heat exchanger, because the steam cir- 
culates directly through the turbines. However, as 
in any light-water reactor, we must use enriched 
uranium dioxide containing about 3 percent 7*°U. 


3. High temperature gas reactor (HTGR). This 
reactor uses an inert gas coolant such as helium or 
carbon dioxide. Owing to the high operating tem- 
perature (typically 750°C), graphite is used as‘a 
moderator. The steam created by the heat ex- 
changer is as hot as that produced in a convention- 
al steam boiler. Consequently, the overall efficien- 
cy of these nuclear stations is about 40 percent. 


4. Fast breader reactor (FBR). This reactor has 
the remarkable ability to both generate heat and 
create additional nuclear fuel while it is operating. 


28-25 Example of a light-water reactor 


Reactors that use ordinary water as a moderator 
are similar to those using heavy water, but the 
uranium-dioxide fuel has to be enriched. Enrich- 
ment means that the fuel bundles contain between 
3 and 4 percent of 7°°U, the remainder being mid WH 
This enables us to reduce the size of the reactor 


for a given power output. On the other hand, the 
reactor has to be shut down about once a year to 
replace the expended bundles. 

The generated heat, created mainly by the fis- 
sion of uranium 235, is carried away by a coolant 
such as ordinary water, liquid sodium or a gas such 
as CO,. As it flows through the heat exchanger, 
the coolant creates the steam that drives the tur- 
bine. 

A typical nuclear power station located in Con- 
necticut (Figs. 28-28 and 28-29) possesses a light- 
water reactor that drives a 3-phase, 667 MVA, 90 
percent power factor, 19 kV, 60 Hz, 1800 r/min 
alternator. The reactor is composed of a vertical 
steel tank (2700 mm thick) having an external dia- 
meter of 4.5 m and a height of 12.5 m. The tank 
contains 157 vertical tubes which can lodge 157 
large fuel assemblies. Each assembly is 3m long 
and groups 204 fuel rods containing a total of 
477 kg of enriched UQ,. The nuclear reaction is 
kept under control by 45 special-alloy control 
rods. When these rods are gradually lowered into 
the moderator, they absorb more and more neu- 
trons. Consequently, they control the rate of the 
nuclear reaction and hence the amount of heat re- 
leased by the reactor. 
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Figure 28-27 Various steps in the manufacture of nuclear fuel for heavy-water and light-water reactors. This extremely 
simplified diagram shows that in the process of enriching uranium dioxide, it is inevitable that large 


amounts of 72° U remain as a byproduct. 
28-26 Example of a heavy-water reactor. 


The CANDU reactor uses heavy water, both as 
moderator and as a coolant. It differs from all 
other reactors in that is uses natural uranium diox- 
ide as a fuel (see Fig. 28-30). One of the biggest in- 
stallations of its kind is located at Pickering, a few 





kilometers east of Toronto, Canada. The nuclear 
station has 4 reactors and 4 turbines, each of 
which drives a 3-phase, 635 MVA, 85 percent 
power factor, 24 kV, 1800 r/min, 60 Hz alternator. 
Each reactor is coupled to 12 heat exchangers that 
provide the interface between the heavy water 
coolant and the ordinary steam that drives the tur- 


Figure 28-28 


Aerial view of a light-water nuclear generating 
station. The large rectangular building in the 
foreground houses a 667 MVA, 90 percent 
power factor, 19 kV, 60 Hz, 1800 r/min turbo- 
generator set; the circular building surrounds 
the reactor. (Connecticut Yankee Atomic Pow- 
er Company; photo by Georges Betancourt) 





Figure 28-29 Looking down into the water-filled re- 
fuelling cavity of the reactor. (Connecticut 
Yankee Atomic Power Company; photo 
by Georges Betancourt) 


bines (Fig. 28-30). 

Each reactor is enclosed in a large horizontal 
vessel (calandria) having a diameter of 8m and a 
length of 8.25 m. The calandria possesses 390 hori- 
zontal tubes each housing 12 fuel bundles con- 
taining 22.2 kg of UO. Each bundle releases about 
372.5 kW while it is in operation. Because there is 
a total of 4680 bundles, the reactor delivers 
1740 MW of thermal power. 

Twelve primary heat transfer pumps, each driv- 
en by an 1100 kW motor, push the heavy water 
coolant through the reactor and the heat exchang- 
ers. The heat exchangers produce the steam to 
drive the turbine. The steam exhausts into a con- 
denser which is cooled by water from Lake Ontar- 
io. 

The fuel bundles are inserted at one end of the 
calandria and, after a 19-month stay in the tubes, 
they are withdrawn from the other end. The bun- 
dies are inserted and removed on a continuous 
basis - an average of 9 bundles per day. 

Table 28E gives typical characteristics of light- 
and heavy-water reactors. 
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28-27 Principle of a fast breeder reactor 


A fast breeder reactor differs from other reactors 
because it can extract more of the available energy 
in the nuclear fuel. It possesses a central core con- 
sisting of a substance containing fissionable pluto- 
nium 239 (72?Pu). The core is surrounded by a 
blanket composed of substances containing nonfis- 
sionable uranium 238 (72°U). No moderator is 
used; consequently, the high-speed (‘‘fast’’) neu- 
trons generated by the fissioning 239 Bu bombard 
the nonfissionable atoms of 7°°U. This nuclear 
reaction produces two important results: 


a. the heat released by the fissioning core can be 


used to drive a steam-turbine; 

b. some atoms of cal in the surrounding blanket, 
capture the flying neutrons, thereby becoming 
fissionable 72°Pu. In other words, passive atoms 
of uranium 238 are transmuted into fissionable 
atoms of plutonium 239. 

As time goes by, the blanket of nonfissionable 
238\y is gradually transmuted to fissionable 72°Pu 
and waste products. The blanket is eventually re- 
moved and the materials are processed to recover 
the substances containing 239Pu. The nuclear fuel 
recovered is placed in the central core to generate 
heat and to produce still more fuel in a newly re- 
lined blanket of substances containing uranium 
238. 

This process can be repeated until nearly 80 
percent of the available energy in the uranium is 
extracted. This is much more efficient than the 2 
percent now being extracted by conventional reac- 
tors. 

‘The breeder reactor is particularly well adapted 
to complement existing light water reactors. The 
reason is that a great deal of 238 is available asa 
byproduct in the manufacture of enriched as 
(see Fig. 28-27). This otherwise useless material 
(now being stored) could be used to surround the 
core of a fast breeder reactor. By capturing fast 
neutrons, it could be rejuvenated as explained 
above, until most of the potential energy in the 
uranium.is used up. 
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Figure 28-30 Simplified schematic diagram of a CANDU nuclear generating unit composed of one heavy-water reactor 
driving one alternator. (Atomic Energy of Canada) 


28-28 Nuclear fusion 


We have seen that splitting the nucleus of a heavy 
element such as uranium results in a decrease in 
mass and the release of energy. We can also pro- 
duce energy by combining the nuclei of two light 
elements in a process called nuclear fusion. For ex- 
ample, energy is released by the fusion of an atom 
of deuterium with an atom of tritium. However, 
owing to the strong repulsion between the two 
nuclei (both are positive), they only unite (fuse) 
when they approach each other at high speed. The 
required velocity is close to the speed of light and 
corresponds to a thermodynamic temperature of 
several million degrees. If both the atomic concen- 
tration and speed are high enough, a self-sustaining 
chain reaction will result. 

We can therefore produce heat by the fusion of 
two elements, and the hydrogen bomb is a good 
example of this principle. Unfortunately, we run 
into almost insurmountable problems when we try 


to contro/ the fusion reaction, as we must do in a 
nuclear reactor. Basically, scientists have not yet 
succeeded in confining and controlling high-speed 
particles without at the same time slowing them 
down. 

A major world-wide research effort is being de- 
voted to solve this problem. If scientists succeed in 
domesticating nuclear fusion, it could mean the 
end of the energy shortage because hydrogen is the 
most common element on earth. © 


QUESTIONS AND PROBLEMS 
Practical level 


28-1 Explain the difference between a base load 
and peak load generating plant. 

28-2 Why are nuclear power stations not suited to 
supply peak loads? 
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TABLE 28E TYPICAL LIGHTWATER AND HEAVY-WATER REACTORS 


Reactor Vessel 
external diameter 
length 
vessel thickness 
weight empty 
position 
number of fuel canals 
type of fuel 
total mass of fuel 

Moderator 

type 
volume 

Reactor Cooling 
Heat produced in reactor 
Coolant 
Volume 
Flow rate 
Coolant temperature entering the reactor 
Coolant temperature leaving the reactor 
Coolant pumps 
Total pump power 

Electrical output 


3-phase, 1800 r/min, 60 Hz alternator 


Light-Water Reactor Heavy-Water Reactor 


4.5m 8m 
12.5 m 8.25 m 
274 mm 25.4 mm 
416t 604 t 
vertical | horizontal 
157 390 
enriched UO, (3.3%) natural UO, 
75t 104 t 
light-water heavy-water 
13.3 m° 242 m° 
1825 MW 1661 MW 
light-water heavy-water 
249 m°® 130 m° 
12.8 t/s 7.73 t/s 
285°C 249°C 
306°C 294°C 
A 12 
12 MW 14 MW 
600 MW 540 MW 


590 


28-3 


28-4 


28-5 
28-6 


28-7 


28-8 


28-9 
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Referring to the coal-mine in Fig. 28-4, we 
have the choice of hauling the coal to a gen- 
erating plant or installing the generating 
plant next to the mine mouth. What factors 
come into play in determining the best solu- 
tion? 

What is the best indicator of stability (or in- 
stability) of a network? 

What is meant by the term network? 

Give two reasons why systems are intercon- 
nected. 

The river flow in Fig. 28-9 is 5000 m°/s at a 
head of 24m. Calculate the available hy- 
draulic power. 

Explain the operating principle of a thermal 
plant; a hydropower plant; a nuclear plant. 
Name two basic differences between a light- 
water reactor and a heavy-water reactor? 


28-10 Explain what is meant by: moderator, fis- 


sion, fusion, neutron, heavy-water. 


Intermediate level 


28-11 The Zaire River, in Africa, discharges, at a 


constant rate, 1300 km? of water per year. It 
has been proposed to build a series of dams 
in the region of Inga, where the river drops 
by 100 m. Calculate: 

a. the water flow [m°/s] ; 

b. the power that could be harnessed [MW] ; 
c. the discharge in cubic miles per year. 


28-12 For how long does a 1500 MW alternator 


have to run to produce the same quantity of 
energy as that released by a 20 kilotonne 
atomic bomb? (See conversion charts in Ap- 
pendix). 


28-13 The demand of a municipality regularly 


varies between 60 MW and 110 MW in the 

course of one day, the average power being 

80 MW. To produce the required energy, we 

have the following options: 

a. install a base power generating unit and a 
diesel engine peaking plant; 

b. install a base power generating unit and a 
pumped storage unit. 


What are the respective capacities of 
the base power and peaking power plants 
in each case? 


28-14 On a particular day, the head of Grand 


Coulee dam is 280 feet and the generators 

deliver 6000 MVA at a power factor of 0.9 

lagging. Assuming the average turbine effi- 

ciency is 0.92 and the average alternator ef- 

ficiency is 0.98, calculate: 

a. the active power output [MW] ; 

b. the reactive power supplied to the system 
[Mvar] : 

c. the amount of water flowing through the 
turbines [yd°/s] . 


28-15 Explain the principle of operation of a 


cooling tower. 


28-16 A modern coal-burning thermal station 


produces an electrical output of 720 MW. 

Calculate the approximate value of: 

a. the amount of coal consumed [tons (not 
tonnes) per day]; 

b. the amount of smoke, gas, and fly ash re- 
leased [tons per day]; 

c. the cooling water flowing through the 
condenser, assuming a temperature rise of 
10°C [m/s] . 

In Problem 28-16, if a cooling tower is re- 
quired, how much water must be drawn 
from a local stream [m°/s] ? Can this water 
be recycled? 


28-18 A fuel bundle of natural uranium dioxide 


has a mass of 22.2 kg when first inserted 

into a heavy-water reactor. If it releases an 

average of 372.5 kW of thermal energy dur- 

ing its 19-month stay in the reactor, calcu- 

late: 

a. the total amount of heat released [J] and 
[Btu] ; 

b. the reduction in weight of the bundle, 
due to the energy released [g]. 


Advanced level 


28-19a. Calculate the annual energy consumption 


[TW-h] of the system having the load du- 


ration curve given in Fig. 28-3. 

b. If this energy were consumed at an abso- 
lutely uniform rate, what would the peak 
load be [GW] ? 

28-20 A sample of coal has the following compo- 
sition: 
carbon 70% 
hydrogen 3% 


sulfur 2% 
waste 25% 


a. Calculate the heat released [Btu] in burn- 


ing 1 ton (2000 Ib) of this type of coal, 
assuming complete combustion; 


b. what is the minimum weight of air re- 
quired? [Ib] 
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c. calculate the approximate amount of 
electrical energy [kW-h] that could be 
obtained, per ton. 

28-21 Referring to Fig. 28-30, the temperature of 
the heavy water coolant drops from 294°C 
to 249°C in passing through the heat ex- 
changers. Knowing that the reactor is cooled 
at the rate of 7.7 t/s of heavy-water, calculate 
the heat [MW] transmitted to the heat ex- 
changers (specific heat of heavy-water is 
4560 J/kg). 





THE TRANSMISSION 
OF ELECTRICAL 
ENERGY 


The transmission of electrical energy does not usu- 
ally raise as much interest as does its generation 
and utilization: consequently, we often tend to ne- 
glect this important subject. This is unfortunate 
because the human and material resources involved 
in transmission are much greater than those devot- 
ed to generation. 

Electrical energy is carried by conductors such 
as overhead transmission lines and underground ca- 
ble. Although these conductors appear very ordi- 
nary, they hide important properties that greatly 
affect the transmission of electrical energy. In this 
chapter, we shall study these properties for every 
type of transmission line: high-voltage, low-voltage, 
high power, low power, aerial lines, underground 
lines, and so forth. 


29-1 Principal components 
of a transmission system 


In order to provide electrical energy in usable 

form, a transmission and distribution system must 

satisfy some basic requirements. The system must: 

1. Provide, at all times, the power that consumers 
need; 
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2. Maintain a stable, nominal voltage that does not 

vary by more than + 10%; 

3. Maintain a stable frequency that does not vary 
by more than + 0.1 Hz; 

4. Supply energy at an acceptable price; 

5. Observe standards of safety; 

6. Protect the environment. 

Figure 29-1 shows an elementary diagram of a 
transmission and distribution system. It consists of 
two generating stations G; and Gy», a few substa- 
tions, an interconnecting substation and, finally, 
some commercial, residential and industrial loads. 
The energy is carried over lines designated extra 
high voltage (EHV), high voltage (HV), medium 
voltage (MV) and /ow voltage (LV), according to a 
scale of standardized voltages whose limiting values 
are given in Table 29A. 

Substations (Fig. 29-1) serve to change the volt- 
age by means of step-up and step-down transform- 
ers and to regulate it by means of synchronous 
condensers, static var compensators, or transform- 
ers with variable taps. Substations also contain cir- 
cuit breakers, fuses and lightning arrestors, to pro- 
tect expensive apparatus and to provide for quick 
isolation of critical lines from the system. | 
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Figure 29-1 Single-line diagram of a generation, transmission and distribution system. 


Interconnecting substations serve to tie differ- 
ent systems together, to enable power exchanges 
between them, and to increase the stability of the 
overall network. * 

Electrical power utilities divide their systems 
into two major categories: 

1. transmission systems in which the line voltage is 
roughly between 115 kV and 800 kV; 

2. distribution systems in which the voltage gener- 
ally lies between 120 V and 69 kV. Distribution 
systems are divided into medium-voltage distri- 
bution systems (2.4 kV to 69 kV) and low-volt- 
age distribution systems (120 V to 600 V). 


29-2 Types of power lines 


The design of a power line depends upon: 

1. the amount of active power it has to transmit; 

2. the distance over which the energy must be car- 
ried; 

3. the cost; 

4. esthetic considerations, urban congestion, ease 
of installation, and so forth. 


* A network is ‘‘an aggregation of interconnected con- 
ductors consisting of feeders, mains and services” 
(ref. IEEE Standard Dictionary of Electrical and 
Electronic Terms). 


As mentioned previously, we distinguish four 
types of power lines, according to their voltage 
Class: 


1. Low-voltage (LV) lines are installed inside 
buildings, factories and houses to supply power to 
motors, electric stoves, lights, and so on. The ser- 
vice entrance panel constitutes the source and the 
lines are made of insulated cable or bus-bars oper- 
ating at voltages below 600 V. 

In some metropolitan areas, the distribution 
system consists of a grid of underground cables 
operating at 600 V or less. Such a network pro- 
vides dependable service, because even the outage 
of one or several cables will not interrupt customer” 
service. Today, however, we prefer to install medi- 
um-voltage radial distribution systems in the larger 
cities. In radial systems, the transmission lines 
spread out like fingers from one or more substa- 
tions to feed power to various load centers. 


2. Medium-voltage (MV) lines tie the load centers 
to the main substation of the utility company. The 
voltage is usually between 2.4 kV and 69 kV. 


3. High-voltage (HV) lines connect the main sub- 
stations to the generating stations. The lines are 
composed of aerial wire or underground cable op- 
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TABLE 29A 


voltage 


class 


low 


voltage 


LV 


medium 


voltage 


MV 


high 


voltage 


HV 


extra high 


voltage 


EHV 


VOLTAGE CLASSES AS APPLIED 


TO INDUSTRIAL AND COMMERCIAL POWER 


two-wire 


120 . 


single phase 


three-wire 


120/240 o 


single phase 


nominal system voltage 


480 V a 


600 V 


2 400 
4 160 
4 800 
6 900 
13 800 
23 000 
34 500 
46 000 
69 000 


115 000 
138 000 
161 000 
230 000 


345 000 
500 000 


All voltages are 3-phase unless indicated otherwise. 


Voltages designated by the symbol © are preferred voltages. 


O 


O 


735 000 - 765 000 o 


four-wire 


120/208 a 
277/480 a 
347/600 


7 200/12 470 O 

7 620/13 200 

7 970/13 800 
14 400/24 940 a 
19 920/34 500 © 


Note: Voltage class designations were approved for use by [EEE Standards Board 
(September 4, 1975) | 


erating at voltages below 230 kV. In this category, 
we also find lines that transmit energy between 
two large systems, to increase the stability of the 
network. 


4. Extra high voltage (EHV) lines are used when 
generating stations are very far from the load cen- 
ters. We put them in a separate class because of 
their special properties. Such lines operate at volt- 
ages up to 800 kV and may be as long as 1000 km. 
High-tension direct current lines, covered in Chap- 
ter 31, are also included in this group. 


29-3 Standard voltages 


To reduce the cost of distribution apparatus and 
to facilitate its protection, standards-setting orga- 
nizations have established a number of standard 
voltages for transmission lines. These standards, 
given in Table 29A, reflect the various voltages 
presently used in North America. Voltages that 
bear the symbol © are preferred voltages. Unless 
otherwise indicated, all voltages are three-phase. 


29-4 Components of a transmission line 


A transmission line is composed of conductors, in- 
sulators and supporting structures. 


1. Conductors. Conductors for high-tension lines 
are always bare. We use stranded copper conduc- 
tors or steel-reinforced aluminum cable (ACSR). 
ACSR conductors are usually preferred, because 
they result in a lighter and more economical line. 
Conductors obviously have to be spliced when a 
line is very long. Special care must be taken so that 
the joints have low resistance and great mechanical 
strength. 

Just like the plates of a capacitor, the parallel 
conductors of a transmission line remain charged 
after the voltage source is de-energized. To prevent 
fatal shocks, we must always discharge the conduc- 
tors to ground before beginning work on a de-ener- 
gized line. Most high-tension lines are equipped 
with appropriate grounding switches, but, in some 
rural installations, a grounded conducting chain is 
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thrown over the line. 


2. Insulators. Insulators serve to support and an- 
chor the conductors and to insulate them from 
ground. Insulators are usually made of porcelain, 


but glass and other synthetic insulating materials 


are also used. 

From an electrical standpoint, insulators must 
offer a high resistance to surface leakage currents 
and they must be sufficiently thick to prevent 
puncture under the high voltage stresses they have 
to withstand, To increase the leakage path (and 
hence the leakage resistance), the insulators are 
molded in the shape of a skirt. From a mechanical 
standpoint, they must be strong enough to resist 
the pull due to the weight of the conductors. 

There are two main types of insulators: p/n-type 
insulators and suspension-type insulators (Figs. 
29-2 and 29-3). The pin-type insulator has several 
porcelain skirts and the conductor is fixed at the 
top. A steel pin screws into the insulator so it can 
be bolted to a support. 

For voltages above 70 kV, we always use sus- 
pension-type insulators, strung together by their 
ball and socket metallic parts. The number of insu- 
lators depends upon the voltage: for 110 kV, we 
generally use from 4 to 7; for 230 kV, from 13 to 
16. Figure 29-4 shows an insulator arrangement 
for a 735 kV line. It is composed of 4 strings of 35 
insulators each, to provide both mechanical and 
electrical strength. 


3. Supporting structures. The supporting struc- 
ture must keep the conductors at a safe height 
from the ground and at an adequate distance from 
each other. For voltages below 70 kV, we can use 
single wooden poles equipped with cross-arms, but 
for higher voltages, a wooden H-frame must be 
used. The wood is treated with creosote or special 
metallic salts to prevent it from rotting. For very 
high voltage lines, we always use steel towers made 
of galvanized angle-iron, bolted together. 

The spacing between conductors must be suffi- 
cient to prevent arc-over under gusty wind condi- 
tions. The spacing has to be increased as we in- 
crease the distance between towers and as the line 
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metal cap 


porcelain glazed coating 





Figure 29-2 Sectional view of a 69 kV pin-type insulator. Figure 29-3 Sectional view of a suspension insulator. 
BIL: 270 kV; 60 Hz flashover voltage under Diameter: 254mm; BIL: 125 kV, 60 Hz 
wet conditions: 125 kV. (Canadian Ohio flashover voltage, under wet conditions: 
Brass Co. Ltd.) 50 kV. (Canadian Ohio Brass Co. Ltd.) 


Figure 29-4 


Lineman working “‘‘bare-handed’”’ on a 735 kV 
line. He is wearing a special conductive suit so 
that his body is not subjected to high differ- 
ences of potential. In the position shown, his 
__. : - oa potential with respect to ground is about 
|. : 200 kV. (Hydro-Québec) 





—— 


. 


hae 


voltage becomes higher. 


29-5 Construction of a line 


Once we know the conductor size, the height of 
the poles and the distance between them (span), 
we can direct our attention to stringing the con- 
ductors. A wire supported between two points 
(Fig. 29-5) does not remain horizontal, but loops 
down at the middle. The vertical distance between 





span ——___>| 





Figure 29-5 Span and sag of a line. 


the straight line joining the points of support and 
the lowest point of the conductor is called sag. 
The tighter the wire, the smaller the sag will be. 

Before undertaking the actual construction of a 
line, it is important to calculate the permissible sag 
and the corresponding mechanical pull. Among 
other things, temperature must be taken into ac- 
count at the time the stringing takes place. On the 
one hand, the sag must not be too great, otherwise 
the wire will stretch even more during the summer 
heat, with the result that the clearance to ground 
may no longer be safe. On the other hand, if in- 
stalled in the summer, the sag must not be too 
small otherwise the wire, contracting in winter, 
may become dangerously tight. Wind and sleet will 
add even more to the tractive force, and may ulti- 
mately cause the wire to break (Fig. 29-6). 


29-6 Galloping lines 


If a coating of sleet is deposited on a line during 
windy conditions, the line may begin to oscillate. 
Under certain conditions, the oscillations may be- 
come so large that the line is seen to actually “‘gal- 
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lop’’. Galloping lines can produce short-circuits be- 
tween phases or snap the conductors. To eliminate 
the problem, we sometimes load the line with spe- 
cial mechanical weights, to dampen oscillations or 
to prevent them from building up. 


29-7 Corona effect - radio interference 


The very high voltages in use today produce a con- 
tinual electrical discharge around the conductors, 
owing to local ionization of the air. This discharge, 
or corona effect, produces losses over the entire 
length of the transmission line. In addition, corona 
emits high frequency noise which interferes with 
nearby radio receivers and TV sets. To diminish 
corona, we must reduce the electric field (V/m) 
around the conductors, either by increasing their 
diameter or by arranging them in sets of two, three 
or more bundled conductors per phase (see Figs. 





Figure 29-6 During winter, steel towers must carry the 
weight of both conductors and accumulated 
ice. (Hydro-Québec) 
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29-7a and 29-7b). This bundling arrangement also 
reduces the inductance of the line, enabling it to 
carry more power. This constitutes an additional 
benefit. 


29-8 Pollution 


Dust, acids, salts, and other pollutants in the at- 
mosphere settle on insulators and reduce their in- 
sulating properties. Insulator pollution may pro- 
duce short-circuits during storms or under momen- 
tary overvoltage conditions. Service interruption 
and the necessity to clean insulators periodically is — 
therefore a constant concern, especially where pol- 
lution exists. 


29-9 Ground wires 


In Fig. 29-6, we see two bare conductors supported 
at the very top of the transmission-line towers. 
These conductors, called ground wires, serve to 
shield the line and intercept lightning strokes be- 
fore they hit the current-carrying conductors be- Figure 29-7 a. Four bundled conductors make up this 
low. Grounding wires normally do not carry cur- phase of a 3-phase, 735 kV line. 

rent; consequently, they are often made of steel. 

They are solidly connected to ground at each tow- 


er. _$ 457 mm + 


29-10 Tower grounding 








\q steel strands (2.5 mm) 

Transmission-line towers are always solidly con- 42 aluminum strands (4.6 mm) 
nected to ground. Great care is taken to ensure 
that the ground resistance is low. In effect, when 
lightning hits a line, it creates a sudden voltage rise 
across the insulators as the lightning current dis- 
charges to ground. Such a voltage rise may pro- 
duce a flashover across the insulators and a conse- 
quent line outage, as shown by the following ex- 
ample. 


457 mm 


Example 29-1: 

A 3-phase 69 kV transmission line with a BIL of 
350 kV is supported on steel towers and protected 
by a circuit-breaker (Fig. 29-8). The ground resis- 
tance at each tower is 20 {2 whereas the neutral of Figure 29-7 b. Details of the bundled conductor. 
the transmission line is solidly grounded at the 
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1. electrical +1. electrical _ 
= ground ~ ground a 


Figure 29-8 Flashover produced by a lightning as it flows to ground. 


transformer just ahead of the circuit-breaker. Dur- 

ing an electrical storm, one of the towers is hit by 

a lightning stroke of 20 kA. 

a. Calculate the voltage across each insulator 
string under normal conditions; 

b. Describe the sequence of events during and 
after the lightning stroke. 


Solution: 

a. Under normal conditions, the line-to-neutral 
voltage is 69 kV/1.73 = 40 kV and the current 
flowing in the tower ground resistance is zero. 
The steel tower is therefore at the same poten- 
tial as the solid ground. It follows that the volt- 
age across each insulator string (line to tower) is 
40 kV (RMS). 

b. When lightning strikes the tower, the voltage 
across the ground resistance suddenly leaps to 
20 kA x 20 Q = 400 kV. The voltage between 
the tower and so/id ground is therefore 400 kV, 
and so the potential difference across all three 
insulator strings jumps to the same value. Be- 
cause this impulse exceeds the insulator BIL of 
350 kV, a flashover immediately occurs across 
the insulators, short-circuiting all three lines to 
the steel cross-arm. The resulting 3-phase short 
initiated by the lightning stroke will continue 


to be fed and sustained by a heavy follow- 

through current from the 3-phase source. This 

short-circuit current Js, will trip the circuit 

breaker, producing a line outage. 

In view of the many customers affected by such 
a load interruption, we try to limit the number of 
outages by ensuring a low resistance between the 
towers and ground. In the preceding example, if 
the tower resistance had been 10 {2 instead of 
20 2, the impulse voltage across the insulators 
would have risen to 200 kV and no flashover 
would have occured. 

Note that lightning currents of 20 kA are quite 
frequent, and they last for only a few microsec- 
onds (see Sec. 4-12). 


29-11 Electrical properties of transmission lines 


The fundamental purpose of a transmission line Is 

to carry active power. If it also has to carry reac- 

tive power, the latter should be small unless the 
line is very short. In addition, a power line should 
possess the following basic characteristics: 

1. The voltage should remain as constant as possi- 
ble over the entire length of the line, from 
source to load, and for all loads between zero 
and full load; 
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Figure 29-9 Distributed impedance of a transmission line. 
2. The losses must be small so as to attain a high 
transmission efficiency; . te. % F 
3. The J?R losses must not overheat the conduc- 
tors. 
M the line alone cannot satisfy the above re- E |2X, 2 Xo 
quirements, supplementary equipment must be 
added until they are met. 
N 


29-12 Equivalent circuit of a line 


In spite of their great variety, transmission lines 
possess similar electrical properties. In effect, an 
ac line possesses a resistance R, an inductive reac- 
tance X,, and a capacitive reactance X,. These im- 
pedances are uniformally distributed over the en- 
tire length of the line; consequently, we can repre- 
sent the line by a series of identical sections, as 
shown in Fig. 29-9. Each section represents a por- 
tion of the line (1 km, for example), and elements 
r, XL, X¢ represent the impedances corresponding 
to this unit length. 

We can simplify the circuit of Fig. 29-9 by 
lumping the individual resistances together to yield 
a total resistance R. In the same way, we obtain a 
total inductive reactance X, and a total capacitive 
reactance Xc. It is convenient to assume that X¢ is 
composed of two parts, each having a value 2Xc¢ 
located at each end of the line. The resulting 
equivalent circuit of Fig. 29-10 is a good approxi- 
mation of any 50 Hz or 60 Hz power line, provided 
its length is less than 500 km. Note that R and X, 
increase as the length of the line increases, whereas 
X c decreases with increasing length. 

In the case of a 3-phase line, the above equiva- 
lent circuit represents one phase. Referring to Fig. 
29-10, current J corresponds to the actual current 
flowing in one conductor and E is the voltage be- 
tween the same conductor and neutral. 


Figure 29-10 Equivalent lumped circuit of a transmis- 
sion line. 


29-13 Typical impedance values 


Table 29B gives typical values of the inductive and 
Capacitive reactances (x, and xX,) for practical 
transmission lines operating at 60 Hz. Surprisingly, 
the respective impedances per unit length are rea- 
sonably constant for all aerial and underground 
lines. This is true whether the transmission line 
voltage is high or low, or the power great or small. 

Note that the capacitive reactance of three- 
phase cables is about one hundred times smaller 
than that of aerial lines. This fact has a direct bear- 
ing on the distance that ac power can be trans- 
mitted by cable. 

The resistance per unit length varies greatly 
with conductor size and so it is impossible to give 
a “typical” value. Table 29C gives the resistance as 
well as the ampacity for several aerial conductors. 


Example 29-2: 

A 3-phase 230 kV transmission line having a length 

of 50 km is composed of three ACSR conductors 

having a cross-section of 1000 MCM. 

a. Determine the equivalent circuit of the 3-phase 
line; 

b. Give the equivalent circuit, per phase. 
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TABLE 29C RESISTANCE AND AMPACITY OF SOME BARE AERIAL CONDUCTORS 
Sn aa tt a gc cn a ag a i re 
conductor size resistance per conductor ampacity in 
at 75 C free air* 
cross 
AWG section copper ACSR copper ACSR 
mm? Q2/km Q2/km A A 
a i a a ge SS a eae 
10 5.3 3.9 6.7 70 a 
10.6 2.0 3.3 110 — 
4 21.1 0.91 1.7 180 140 
1 42.4 0.50 0.90 270 200 
3/0 85 0.25 0.47 420 300 
300 MCM 152 0.14 0.22 600 500 
600 MCM 304 0.072 0.11 950 750 
1000 MCM 507 0.045 0.065 1300 1050 


es 88 8 SS SS 


The ampacity indicated is the maximum that may be used without weakening the conductor by 
overheating. In practice, the actual line current may be only 25% of the indicated value. 


ce ddd EES 


Solution: 


a. 1 


a. 2 


a.3 The capacitive reactance at each end of the 


Referring to Tables 29B and 29C, the ap- 
proximate line impedances are: 

-r = 0.065 02/km; 

x, = 0.5 Q/km; 





TYPICAL IMPEDANCE VALUES 





Xe = 300 kQ/m TABLE 29B PER KILOMETER 
The line impedances per phase are: FOR 3-PHASE, 60 Hz LINES 
R = 0.065x 50 = 3.252 
X, = 05x50 = 250) type of line XL Xc 
Xe = 300000/50 = 6000 2 Ke a Q & 





line is: aerial line; | 0.5 300 000 


2Xc = 2x 6000 = 12 kQ 


The equivalent circuit of the 3-phase line is underground cable 0.1 3 000 


shown in Fig. 29-11. Note that the line ca- ag a a a cere 
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Figure 29-11 Equivalent circuit of a 3-phase line. 


pacitance acts as if it were composed of six 
Capacitors connected between the lines and 
ground. This arrangement holds true even 
when the neutrals of the source and load are 
not grounded. The result is that the voltage 
across each capacitor is given by &, = E//3 
where & is the respective line voltage at the 
source or load. Thus, assuming the line volt- 
age is 230 kV at the source and 220 kV at 
the load, the voltages across the respective 
Capacitors are: 

Ecs = 230/A/3 = 133 kV 

Eco = 220A/3 = 127kV 

b. 1 The equivalent circuit per phase is given in 

Fig. 29-12. 


3.25 Q 25 22 


12 kQ 12 kQ2 


133 kV 127 kV 


VITITIVITITTITTIVTITT1777 ‘i 
ground 


Figure 29-12 Equivalent circuit of one phase. 





29-14 Simplifying the equivalent circuit 


We can sometimes simplify the transmission line 
circuit even more by eliminating one, two or all 
the elements shown in Fig. 29-10. The validity of 
this simplification depends upon the relative mag- 
nitude of the active and reactive powers Py, O,, 
Qc associated with the line, compared to the ac- 
tive power P absorbed by the load. Referring to 
Fig. 29-13, these powers are: 


P = active power absorbed by the load: 
P, = I’R, active power dissipated in the line; 
Q, = I’X,, reactive power absorbed by the line; 
Qc = E*/Xc, reactive power generated by the 


line. 

If any one of these powers is negligible com- 
pared with the active power P, we can neglect the 
corresponding circuit element. For example, low- 
voltage lines are always short; consequently, Xc¢ is 
high and so E*/X¢ is negligible. This permits us to 
represent such lines by the circuit shown in Fig. 
29-14. On the other hand, long, high-voltage lines 
can be represented by the circuit of Fig. 29-15 be- 
cause the J*R losses are relatively small whereas 
the reactive powers Q; and Qc are not. 


Example 29-3: 

The transmission line shown in Fig. 29-11 delivers 

300 MW to the 3-phase load. If the line voltage at 

the sending and receiving end is 230 kV, calculate: 

a. the active and reactive powers associated with 
the line; 

b. the approximate equivalent circuit, per phase. 


Solution: 
Referring to Fig. 29-16a, we have: 
a. 1 The line-to-neutral voltage at the load is: 
E = 230/1.73 = 133 kV 
a.2 The active power transmitted to the load per 
phase is: 
P = 300/3 = 100 MW 
a.3 The load current is: 
I = 100 MW/133 kV = 750A 





Figure 29-13 Active and reactive powers of a transmis- 
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Figure 29-14 Equivalent circuit of a short LV line. 
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Figure 29-15 Equivalent circuit of a long HV line. 
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a.4 If we temporarily neglect the presence of the 
12kQ capacitor in parallel with the load, 
the line current is equal to the load current 
(Fig. 29-16b). 

a.5 IR losses in the line: 

P, = I’R = 3.25 x 7507 
= 1.83 MW (1.8 percent of P) 
a.6 Reactive power absorbed by the line: 
O. = I’X, = 25x 7507 
= 14.1 Mvar (14 percent of P) 
a. 7 Reactive power generated by the line: 
Oc = E?/Xe = 133 0007/6000 
= 3 Mvar (3 percent of P) 

b. 1 Comparing the relative values of Py, OQ, and 
P, it is clear that we can neglect the resis- 
tance and the capacitance of the line. They 
represent less than 3 percent of the power 
transmitted. The resulting equivalent circuit 
is a simple inductive reactance of 25 (2 (Fig. 
29-16c). 


29-15 Voltage regulation and maximum power 


The voltage of a transmission line should remain as 
constant as possible even under variable load con- 
ditions. Ordinarily, the voltage regulation from 
zero to full load should not exceed + 5% of the 
nominal voltage (though we can sometimes accept 
a regulation as high as + 10%). 

Another important consideration is the behav- 
ior of the line under temporary, abnormal over- 
loads. Consequently, in order to determine the 
voltage regulation and to establish their power- 





(c) 


Figure 29-16 Progressive simplification of a 735 kV line (Example 29-3). 
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handling capability, we now examine four types of 
lines: 

1. resistive line; 

2. inductive line; 

3. inductive line with compensation: 

4. inductive line connecting two large systems. 

In our analysis, the lines connect a load (or re- 
ceiver) Em to a source (or sender) E's. The load is 
assumed to have all possible values, ranging from 
no-load to a short-circuit. However, we assume the 
load power factor to be unity because we are only 
interested in the active power the line can trans- 
mit. Consequently, the load can be represented by 
a variable resistance absorbing a power P. 


29-16 Resistive line 


The transmission line of Fig. 29-17a possesses a re- 
sistance R. Starting from an open circuit, we grad- 





(b) 


Figure 29-17 Characteristics of a resistive line. 


ually reduce the load resistance until it becomes 

zero. During this process, we observe the terminal 

voltage “Rp across the load, as well as the active 
power P it receives. If numerical values were given, 

a few simple calculations would enable us to draw 

a graph of £'p as a function of P. However, we pre- 

fer to use a generalized curve that shows the rela- 

tionship between £’p and P for any transmission 

line having an arbitrary resistance R. 

The generalized shape of this graph is given in 
Fig. 29-17b. It reveals the following information: 
a. There is an upper limit to the power the line 

can transmit to the load. In effect, Pray. = 

E'5*/4 and this maximum is reached when Ep 

0.5 E's. 

b. If we permit a maximum regulation of 5 per- 
cent (LR = 0.95 £s), the line can carry a load 
that is 19% of Prax. The line could transmit 
more power, but the customer voltage Fp 
would then be too low. 

Note that the sender must furnish the power 

P absorbed by the load, plus the /?R losses in the 

line. 


Example 29-4: 

A single-phase transmission line having a resistance 
of 1 {2 is connected to a sender voltage of 100 V. 
Calculate: 

a. the maximum power the line can transmit; 


b. the receiver power for a receiver voltage of 
95 V. 


Solution: 
a. The maximum power that can be transmit- 
ted is: 
Pmax = Es7/4R = 1007/(4 x 1) 


2500 W 
b. 1 The voltage drop in the line resistance is: 

Es-EpR = 100-95 = 5V 
b.2 The line current is therefore: 

[= (E's -o)/R = 5/1 

= 5A 

b.3 The receiver power is: 

P = Esl = 95x5 = 475 W 

(Note that 475/2500 = 0.19 or 19%). 


29-17 Inductive line 


Let us now consider a line having negligible resis- 
tance but possessing an inductive reactance X (Fig. 
29-18a). The receiver again operates at unity pow- 
er factor, and so it can be represented by a variable 
resistance absorbing a power P. As in the case of a 
resistive line, voltage ER diminishes as the load in- 
creases, but the regulation curve has a different 
shape (Fig. 29-18b). In effect, the generalized 
graph of &p as a function of P reveals the follow- 
ing information: 

a. The line can transmit a maximum power Pmax = 
Es?/2X. The corresponding terminal voltage 
Ep = 0.707 Es. For a givenline impedance and 
sender voltage, the reactive line can therefore 
deliver twice as much power as a resistive line 
can (compare P = E57/2X and P = Es7/4R). 

b. If we again allow a maximum regulation of 5 





Figure 29-18 Characteristics of an inductive line. 
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percent, we discover the line can carry a load 
that is 60% of Prax. Thus, for a given line im- 
pedance, and a regulation of 5 percent, the in- 
ductive line can transmit s/x times as much ac- 
tive power as a resistive line can. 

The sender has to supply the active power P 
consumed by the load plus the reactive power 
I*X absorbed by the line. 


29-18 Compensated inductive line 


We can improve the regulation and power-handling 
capacity of an inductive line by adding a capacitive 
reactance Xc across the load (Fig. 29-19a). All we 
have to do is to adjust the value of X¢ so that the 
reactive power Es?/Xc supplied by the capacitor is 
at all times equal to one half the reactive power 
I*X absorbed by the line. For such a compensated 
line the receiver voltage Eg will always be equal to 





(a) 










Note: achange in Pc 
requires a readjustment 
of X¢ 


(b) 


Figure 29-19 Characteristics of a compensated inductive 
line. 
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the sender voltage F's, irrespective of the active 
power P absorbed by the load. 

However, there still is an upper limit to the 
power the line can transmit. A detailed analysis 
shows that we can maintain a constant load volt- 
age up to a maximum of Pmax = Es’/X. Beyond 
this limit, BR gradually decreases to zero in a diag- 
onal straight line, as shown by the graph of Fig. 
29-19b. Note that: 

a. The voltage regulation is perfect until the load 

power reaches the limiting value Pray = Eg? /X. 
b. The compensated inductive line can deliver 

twice as much power (Pmax) as an uncompen- 

sated line can. Moreover, it has the advantage of 
maintaining a constant load voltage. 

Capacitor Xc supplies half the reactive pow- 
er absorbed by the line; the remaining half is 
supplied by the sender &s. If necessary, we can 
add a second capacitor Xc (shown dotted) at 
the input to the line. The source has then only 
to supply the active power P, while the reactive 
power is supplied by the capacitors at both 
ends. 


29-19 Inductive line connecting two systems 


Large cities and other regional users of electrical 
energy are always interconnected by one or more 
transmission lines. Such a network improves the 
stability of the system and enables it to better en- 
dure momentary short-circuits and other distur- 
bances. Interconnecting lines also permit energy 
exchanges between electrical utility companies. 

On such lines, the voltages at each end remain 
essentially independent of each other, both in val- 
ue and in phase. In effect, because of their power 
and size, both areas act as independent, infinite 
buses.” Figure 29-20 shows the equivalent circuit 
of an inductive line connecting two such power 
areas S and R. We assume the terminal voltages Es 
and Ep are fixed, each possessing the same magni- 
tude /. Regarding the exchange of active power 
between the two areas, we examine three distinct 
cases: 


* See Sec. 19-13. 


1. Es and Ep in phase; 
2. E's leading Zp by an angle 6; 
3. E's lagging Er by an angle 6. 


1. Eg and Ep in phase. In this case, the line cur- 
rent is zero and no power is transmitted. 


2. E's leads Ep by an angle 6 (Fig. 29-20). Region 
S supplies power to region R and, from the phasor 
diagram, we can prove (Sec. 19-17) that the active 
power transmitted is given by: 


(29-1) 





where 
P = active power transmitted per phase 
[MW] t 
FE = |ine-to-neutral voltage [kV] 
X = inductive reactance of the line, per phase 
[Q] 
6 = phase angle between the voltages at each 


end of the line [°] 





REGION S REGION R 


Es 


ER 


Figure 29-20 E's leads Fp. 


t In this equation, if # represents the line voltage, P is 
the tota/ power transmitted by the three phases. 


| unstable 
hK-— nip 
condition 





0 30 90 degrees 180 


Figure 29-21 a. Power versus angle characteristic. 


Figure 29-21a shows the active power transmit- 
ted as a function of the voltage phase angle be- 
ween the two regions. Note that the power in- 
creases progressively and attains a maximum value 
of E?/X when the phase angle is 90°. In effect, just 
as in other transmission lines we have studied, a 
line connecting two power centers can transmit 
only so much power and no more. The limit is the 
same as that of a compensated inductive line. Al- 
though we can still transmit power when the phase 
angle exceeds 90°, we avoid this condition because 
it corresponds to an unstable mode of operation. 
When 6 approaches 90°, the two regions are at the 
point of “‘pulling apart’’ and the line circuit- 
breakers will trip. 

Figure 29-21b shows the load voltage Fiz as a 
function of the active power transmitted. It is sim- 





Figure 29-21 b. Voltage versus power characteristic. 
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ply a horizontal line that stretches to a maximum 
value Pmax = E7/X before falling back again to zero 
(dotted line). This regulation curve should be com- 
pared with that of Fig. 29-19b. 

Note that the line voltage drop Ey is quite large, 
even though the terminal voltages E's and Ep are 
equal. Referring to Fig. 29-20, it is clear that the 
line voltage “‘drop” increases as the phase angle be- 
tween F's and Fp increases. 


3. E's lags behind /'g by an angle 6 (Fig. 29-22). 
The active power has the same value as before, but 
it now flows in the opposite direction, from region 
R towards region S. The graph of active power ver- 





REGION S$ REGION R 


I Ee 


Es 
Figure 29-22 E'p leads E's. 


sus phase angle is identical to that shown in Fig. 
29-2 1a. 

If we compare Figs. 29-20 and 29-22, we note 
that the direction of power flow does not depend 
upon the relative magnitudes of Hs and FR (they 
are equal), but on/y upon the phase angle between 
them. On inductive lines, active power always 
flows from the leading to the lagging voltage side. 


29-20 Review of power transmission 


To sum up, there is always a limit to the amount 
of power a line can transmit. The maximum power 
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750 





500 





250 





power transmittable 
for a voltage regula— 


ie tion of 5% 

25 kW 4.75 kW 
50 kW 30 kW 
P100 kW 100 kw 
100 kW 100 kw 


‘ 80 kW 80 kW 


Figure 29-23 Comparison of the power-handling properties of various transmission lines. 


is proportional to the square of the voltage and in- 
versely proportional to the impedance of the line. 
Figure 29-23 enables us to compare actual values 
of power and voltage for the four types of trans- 
mission lines we have studied. Each line possesses 
an impedance of 10 {2 and the sender furnishes a 
voltage E's of 1000 V. It is clear that the #’p versus 
P curves become flatter and flatter as we progress 
from a resistive to an inductive to a compensated 
line. 

The table next to the graph shows the maxi- 
mum power that can be transmitted, assuming a 
regulation of 5% or better. Thus, the resistive line 
can transmit 4.75 kW, whereas the inductive line 
can transmit 30 kW. 

Because all lines possess some resistance, we 
also show the voltage-power curve of a compen- 
sated line having a reactance of 9.8 Q and a resis- 
tance of 2 {2 (curve 5). This line also has an imped- 
ance of 1002, but the maximum power it can 
transmit drops to 80 kW, compared to 100 kW for 
a line possessing no resistance. 


29-21 Choosing the line voltage 


We have seen that for a given transmission line and 
for a given voltage regulation, the power that can 
be transmitted is proportional to ie a where £ is 
the voltage of the line and Z, its impedance. Be- 
cause Z is proportional to the length of the line, 
we deduce that the line voltage is given by: 


E? = kPI 
that is: 
E = ky/Pl (29-2) 

where 

E = 3-phase line voltage [kV] 

P = power to be transmitted [kW] 

l length of the transmission line [km] 

k = coefficient that depends on the type of 


line and the allowable voltage regulation. 
Typical values are: 
kK 0.1 for an uncompensated line 
having a regulation of 5 percent 
kK = 0.06 for a compensated line 
Equation 29-2 is not exact, but it does give us 


an idea of the magnitude of the line voltage £. The 


value finally chosen depends upon economic fac- 


tors as well as technical considerations; in general, 
the actual voltage will lie between 0.6 & and 1.5 £. 


Example 29-5: 

Power has to be carried over a distance of 20 km 
to feed a 10 MW unity power factor load. If the 
line is uncompensated: 

a. Determine the line voltage; 

b. Select an appropriate wire size; 

c. Calculate the voltage regulation. 


Solution: 
a. 1 Because the line is not compensated, we as- 
sume k = 0.1: 
E = ky/PI Eq. 29-2 
= 0.1+/10 000 x 20 
= 44.7 kV 
a.2 Any voltage between 0.6 x 44.7 kV 


(= 27 kV) and 1.5 x 44.7 kV (= 67 kV) is ac- 
ceptable. We shall use a standard line voltage 
of 34.5 kV. 

a.3 The line-to-neutral voltage is: 


E = 345//3 = 19.9kV 


b. 1 The conductor size depends, first, upon the 
current to be carried. The line current is: 
I = §S/(1.73 £) Eq. 9-9 
10 x 10°/(1.73 x 34 500) 
167 A 
b.2 According to Table 29C, we can use a No. 1 
ACSR conductor: 
ampacity = 200A 
R = 0.9 Q/kmx20km = 18Q 
X, = 0.5 Q/km x 20 km = 1022 
(Table 29B) 
c.1 TheJZR drop in the line is: 
AR = 167x 18 = 3006 V 
c.2 The LX, drop in the line ts: 


IX,, = 167x 10 = 1670V 


c.3 The line-to-neutral load voltage is 19 900 V. 
The complete circuit diagram per phase is 
given in Fig. 29-24a. The corresponding 
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phasor diagram is given in Fig. 29-24b. The 
sender voltage may be calculated as follows: 


E22 /(19 900 + 3006)? + 16702 


= 22967 V 





(a) 


1670 V . 





167 A 19 900 V 


3006 V 
(b) 


Figure 29-24 a. Transmission line under load. 
b. Corresponding phasor diagram. 


c.4 If the load were removed, Ep would rise to 
22 967 V. The voltage regulation is therefore: 
regulation = (22 967 - 19 000)/22 967 
3067/22 967 
0.133 or 13.3 percent 


29-22 Methods of increasing the power capacity 


High-voltage lines are mainly inductive and they 
possess a reactance of about 0.5 {2/km. This cre- 
ates problems when we have to transmit large 
blocks of power over great distances. Suppose, for 
example, that we have to carry 4000 MW over a 
distance of 400 km. The reactance of the line is 
400 km x 0.5 Q/km = 200 Q per phase. Since the 
highest practical voltage is about 800 kV, the line 
can transmit no more than: 
Pmax = E?/X = 8007/200 
= 3200 MW 


Eq. 29-1 
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To transmit 4000 MW, the only solution is to 
use two lines in parallel, one beside the other. Note 
that doubling the size of the conductors would not 
help, because it is the reactance and not the resis- 
tance of the conductors that determines the maxi- 
mum power. To carry large blocks of power, we 
sometimes erect two, three and even four transmis- 
sion lines in parallel, which follow the same corri- 
dor across the countryside (Fig. 29-25). In addi- 
tion to high cost, the use of parallel lines tends to 





Figure 29-25 Two 735 kV transmission lines in parallel 
carrying electrical energy to a large city. 
Each phase is composed of 4 bundled con- 
ductors (see Fig. 29-7). (Hydro-Québec) 


create serious problems of land expropriation. 
Consequently, we sometimes use special methods 
to increase the maximum power of a line. In effect, 
when we can no longer increase the line voltage, 
we try to reduce the line reactance X_. This is 
done by using several conductors per phase, kept 
apart by spacers. Such bundled conductors can re- 
duce the reactance by as much as 40 percent per- 
mitting an increase of 67 percent in the power- 
handling capability of the line. 

Another method uses capacitors in series with 
the three lines to artificially reduce the value of 
A. With this arrangement, the maximum power is: 


Pmax = E*(X - X¢s) 
where X¢, is the reactance of the series capacitors 


per phase. Such series compensation is also used to 
regulate the voltage of medium-voltage lines when 


the load fluctuates rapidly. 


29-23 Extra high voltage lines 


When electrical energy is transmitted at extra high 
voltages, special problems arise that require the in- 
stallation of large compensating devices to regulate 
the voltage and to guarantee stability. Among these 
devices are synchronous capacitors, inductive reac- 
tors, static var compensators, and shunt and series 
Capacitors. 

To understand the need for such devices, and to 
appreciate the magnitude of the powers involved, 
consider a three-phase, 727 kV, 60 Hz line, having 
a length of 600 km. The inductive and capacitive 
reactances are respectively 0.5 92 and 300 k{2 for 
each kilometer of length. We shall first determine 
the equivalent circuit of the transmission line per 
phase: 

Sender voltage per phase (line-to-neutral) is: 

Es = 727/1.73 = 420 kV 


Inductive reactance per phase is: 
A. = 0.5 x 600 = 3002 
Capacitive reactance per phase is: 
Xe = 300 k92./600 = 500 22 
Equivalent capacitive reactance at each end of 
the line is: 
Xe, = Xeo = 2x 5002 = 1000 Q 
The equivalent circuit per phase is shown in 
Figure 29-26. Let us now study the behavior of 
the line under no-load and full-load conditions. 


300 22 





Figure 29-26 EHV transmission line at no-load. 


No-load operation. At no-load, the circuit formed 
by X, in series with Xco produces a partial reso- 
nance and the terminal voltage F’p rises to 600 kV. 
This represents an increase of 43 percent above the 
nominal voltage of 420 kV (Fig. 29-26). Such an 
abnormally high voltage is unacceptable. The only 
feasible way to reduce it is to connect an inductive 
reactance X 5 at the end of the line (Fig. 29-27). 
If we make X15 equal to Xc¢o, the resulting parallel 


300 22 





Figure 29-27 EHV reactor compensation. 


resonance brings voltage Ep back to 420 kV. In 
effect, the reactive power generated by Xco9 
(4207/1000 = 176 Mvar) is entirely absorbed by 
Xo. The latter must, therefore, have a capacity of 
176 Mvar per phase. 

Despite this inductive compensation, we still 
have a reactive power of 176 Mvar, generated by 
Xc;, which has to be absorbed by alternator G. 
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However, a capacitive load at the terminals of an 
alternator creates overvoltages, unless we reduce 
the alternator exciting current (Sec. 19-11). But 
under-excitation is not recommended because it 
leads to instability. Consequently, we must install 
a second inductive reactance of 176 Mvar close to 
the generating station. In the case of long transmis- 
sion lines, we often connect several inductive reac- 
tances along the line to distribute the compensa- 
tion evenly over its length. 

Inductive reactors (fixed or variable) are com- 
posed of a large coil placed inside a tank and im- 
mersed in oil (Fig. 29-28). A laminated steel core 
split up into a series of short air-gaps carries the 
magnetic flux. Very intense magnetic forces are 
developed which, on a 60 Hz system, continuously 
oscillate between zero and several tons, at a fre- 
quency of 120 Hz. The core laminations and all 
metallic parts must be firmly secured to reduce 
vibration and to limit the noise to an acceptable 
level. 


Operation under load, characteristic impedance. 
Returning again to the original uncompensated 
line (Fig. 29-26), let us connect a small unity pow- 
er factor load across the open terminals. If we pro- 
gressively increase the load, terminal voltage E’p 


Figure 29-28 


Three large 110 Mvar, single-phase reactors, in- 
stalled in a substation to compensate the line 
capacitance of a very long 3-phase 735 kV 
transmission line. (Hydro-Québec) 
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will gradually decrease from its open-circuit value 
of 600 kV and, for one particular load, it will ex- 
actly equal the voltage E's of the source (Fig. 
29-29). This particular load is called the surge-im- 
pedance load. For most aerial lines, it corresponds 





Figure 29-29 Surge impedance loading of a line. 


to a line-to-neutral load resistance of about 400 Q 
per phase. This critical load resistance is indepen- 
dent of the system frequency. The surge imped- 
ance load (SIL) of a transmission line is therefore 
given by the approximate equation: 


SIL = E£7/400 
where 


SIL = surge impedance load [MW] 
E 3-phase line voltage [kV] 

In our example, the total surge-impedance load 
is approximately 7277 /400 = 1320 MW. 

When a transmission line delivers active power 
corresponding to its surge-impedance load, the 
reactive power generated by the capacitance of the 
line is equal to that absorbed by its inductance. 
The line, in effect, compensates itself. If the load 
exceeds the surge-impedance load, we can keep E'p 
at 420 kV by adding extra capacitors at the end of 
the line. However, the maximum power is still lim- 
ited to 

P = 3x (E*/X) = 3x (4207/300) 

= 1764 MW. 
On the other hand, if the load is less than the surge- 
impedance load, we must add inductive reactance 
at the end of the line to maintain a constant volt- 
age. Because the load continually changes through- 
out the day, we must continually vary the magni- 
tude of the capacitive and inductive reactance to 


(29-3) 


keep a steady voltage. This is done by means of 
static var compensators (Fig. 29-32), or rotating 
synchronous machines. The latter can deliver or 
absorb reactive power according to whether they 
are over- or under-excited (Sec. 20-10). 


29-24 Power exchange 


We sometimes have to install an additional trans- 
mission line on systems that are already tightly in- 
terconnected. Such a line may be required to meet 
the energy needs of a rapidly-growing area or to 
improve the overall stability of the network. In 
such cases, we use special methods so that the ad- 
ditional line will transmit the required power. 
Consider, for example, two major power centers 
A and B that are already interconnected by a grid 
of transmission lines (Fig. 29-30). The respective 
voltages £', and Ep are equal, but EF, leads Ep by an 
angle 6. If we decide to connect these two centers 


extra line 





Figure 29-30 Power flow between two regions. 


by an extra transmission line having a reactance X, 
the active power P will automatically flow from A 
to B because F leads Ey, (see Sec. 29-19). Further- 
more, phase angle 6 and reactance X will inherent- 
ly dictate the magnitude of the power transmitted 
because P = (E7/X) sin 8. 

Unfortunately, the value and direction of P 
may not correspond at all to what we want to 
achieve. For example, if we wish to transmit ener- 
gy from region B to region A, the installation of a 
simple line will not do, for reasons we have just ex- 
plained. | 

However, we can force an energy exchange in 


X = 202 


> p ada 
= W0kV 0/7/77 
os 
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a 


Figure 29-31 a. An ordinary line causes power to flow in the wrong direction. 


one direction or the other by artificially modifying 
the phase angle between the two regions. All we 
have to do is to introduce a phase-shift autotrans- 
former (Sec. 13-11) at one end of the line; by 
varying the phase angle of this transformer, we can 
completely control the power flow between the 
two centers. 


Example 29-6: 

Figure 29-31a shows the voltages and phase angle 

between two regions A and B that already form 

part of a network (not shown). Voltage Ey, leads 

E, by 11° and both voltages have a value of 

100 kV. A new tie line having a reactance X = 

20 {2 connects the two regions. Calculate: 

a. the power transmitted by the line and the direc- 
tion of power flow, if no phase-shift transform- 
er is employed; 

b. the required phase-shift of the transformer so 
that the line will transmit 70 MW from A to B. 


Solution: 
a. The power is given by: 


100 kv [0° 100 kV [+19°_ 





autotransformer 


i 


(E7/X) sin 6 Eq. 29-1 
(1007/20) sin 11° = 95 MW 

Because FE, leads F'5, the 95 MW will flow from 
BtoA. 


. Let us first calculate the phase angle 6, required 


between opposite ends of the line, so that it will 
transmit 70 MW. We have: 
P = (E*/X)sin6, — €q. 29-1 
70 = (1007/20) sin 5, 
sin 6, 0.14 
from which 6, = 8 


Consequently, voltage Ey must /ead FE, by 8° in 
order that 70 MW may flow from A to B (Fig. 
29-31b). Referring to the phasor diagram, and 
noting that Ap already leads F' by 11°, it fol- 
lows that Eg must be 19° ahead of 3. The au- 


~ totransformer T must therefore produce a 


phase-shift of 19° between its primary and sec- 
ondary windings and the secondary voltage 
must lead the primary voltage. We can put the 
autotransformer at either end of the line or, if 
necessary, in the middle. 





Figure 29-31 b. A phase-shift autotransformer can force power to flow in the desired direction (Example 29-6). 
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Figure 29-32 Static var compensator for HV line. (Gen- 
eral Electric) 


We now consider a practical application of a 
phase-shift transformer. To facilitate power ex- 
change between the State of Connecticut and 
Long Island, New York, six 138 kV submarine ca- 
bles (2 per phase) were installed between Norwalk 
and Northport, at the bottom of Long Island 
Sound (Fig. 29-33). Because the two regions were 
already interconnected by a grid of transmission 
lines above ground, it was decided to install a 
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Figure 29-33 Six single-phase submarine cables join 
Connecticut to Long Island. 


phase-shift autotransformer at Northport to con- 
trol a maximum power flow of 300 MW. Variable 
taps enable a maximum phase-shift of + 25 degrees. 
On the other side, at Norwalk, a 300 MVA variable- 
voltage autotransformer was installed to provide 
voltage control of up to +10 percent, without 
phase-shift. By varying the phase-shift and the 
voltage at either end of the 19 km line, it is possi- 
ble to control the power flow between the two re- 
gions, in one direction or the other, depending on 
the need. The following technical details point out 
the magnitude of the power involved in such a ca- 
ble transmission system: 

Each of the six single-phase cables possesses a 
resistance of 1.392, and inductive reactance of 
1.1 92 and a capacitive reactance of 375 Q2 (see 
Fig. 5-25). The latter can be represented by two 
reactances of 750 {2 at each end of the cable. The 
full-load current is 630 A and the line-to-neutral 
voltage is 80 kV. Referring to the equivalent cir- 
cuit diagram for one cable (Fig. 29-34), we can 
readily calculate the value of the various powers. 


80kV 17502 7502 


Figure 29-34 Equivalent circuit of each submarine cable. 


In comparing the powers, we can see that the 
Capacitance of the cable is far more important 
than its resistance or inductance are. A cable acts 
like an enormous capacitor, contrary to an aerial 
line which is mainly inductive. It is precisely the 
inherent large capacitance that prevents us from 
using cables to transmit energy over long distances. 
This restriction does not apply when direct current 
is used because ‘capacitance then has no effect. Di- 
rect current transmission lines are covered in Chap- 
ter 31. 


Submarine cable Power Total 
installation per cable power 
I°R l\osses: 
Py= 6307 x 1.1 
= 0.516 MW 0.516 MW 3.1 MW 
Reactive power generated: 
Qc = (80 000)?/375 
= 17.06 Mvar 17 Mvar 102 Mvar 
Reactive power absorbed: 
O. = 6307 x 1.1 
= 0.436 Mvar 0.44 Mvar 2.6 Mvar 
Active power transmitted: 
P = 630 x 80000 
= 50 MW 50 MW 300 MW 
QUESTIONS AND PROBLEMS 
Practical level 
29-1 Standard voltages are grouped into four 


29-2 


29-3 


29-4 


29-5 


main classes. Name them and state the ap- 

proximate voltage range of each. 

Explain what is meant by: 

— suspension-type insulator 

— ground wire 

— corona effect 

— sag of a transmission line 

— galloping line 

— reactance of a line 

Why must transmission line towers be solidly 

connected to ground? 

The 735 kV transmission line, 745 miles 

long, transmits a power of 800 MW. 

a. Is there an appreciable voltage difference 
between the two ends of the line, mea- 
sured line to neutral? 

b. Is there a phase angle between corre- 
sponding voltages? 

In some areas, two identical three-phase lines 

are installed side by side, supported by sepa- 
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29-6 


29-7 


29-8 


29-9 
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rate towers. Could we replace these two lines 
by a single line by simply doubling the size 
of the conductors? Explain. 

Why do we seldom install underground cable 


_ (instead of aerial transmission lines) between 


generating stations and distant load centers? 
In Problem 29-4, the average line span is 
480 m. How many towers are erected be- 
tween the source and the load? 

A 20km transmission line operating at 
13.2 kV has just been disconnected from the 
source. A lineman may receive a fatal shock 
if he does not first connect the line to 
ground before touching it. Explain. 

What is the ampacity of a 600 MCM ACSR 
cable suspended in free air? Why can a cop- 
per conductor having the same cross-section 
carry a current that considerably greater? 


Intermediate level 


29-10 Each phase of the two 735 kV lines shown 


in Fig. 29-25 is composed of 4 bundled sub- 

conductors. The current per phase is 2000 A 

and the resistance of each subconductor is 

0.045 (2/km. Calculate: 

a. the total power transmitted by both lines 
at unity power factor load; 

b. the total J?R loss, knowing the lines are 
350 miles long; 

c. the JR loss as a percent of the total pow- 
er transmitted. 


29-11 A single-phase transmission line possesses a 


29-12 


resistance R of 15Q (Fig. 29-17a). The 

source E, is 6000 V and the impedance of 

the unity power factor load varies between 

285 Q and 5 Q. 

a. Calculate the terminal voltage Ep and the 
power P absorbed by the load when the 
impedance is successively 2850, 45Q, 
15 Q, and 5 Q. 

b. Draw the graph of the terminal voltage 
Ep as a function of the power P. 

In Problem 29-11, what is the phase angle 

between £’p and E, when the load is 45 (2? 
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29-13 The transmission line in Problem 29-11 is 
replaced by another having an inductive re- 
actance of 15 Q2 (Fig. 29-18a). 

a. Calculate the voltage Ep at the terminals 
of the load and the power FP it absorbs for 
the same impedance values. 

b. Draw the graph of £'p as a function of P. 

29-14 In Problem 29-13, what is the phase angle 
between Eg and FE, when the load imped- 
ance is 45 (2? Does E'p lead or lag behind F’,? 

29-15 A single-phase transmission line possesses 
an inductive reactance of 15 Q2. It is supplied 
by a source /, of 6000 V. 

a. Calculate the voltage E'p at the end of the 
line for the following capacitive loads: 

285 9, 45. 

b. Calculate the phase angle between £’p and 
FE’, when the load is 45 Q. 

29-16 The line in Problem 29-15 possesses a resis- 
tance of 1592 (instead of a reactance of 
5 Q)). 

a. Calculate the voltage Ep at the end of the 
line for a capacitive load of 45 Q. 

b. If a line is purely resistive, can we raise 
the voltage at the end of the line by con- 
necting a capacitor across it? 

29-17 The following information is given for Fig. 


29-19a: 
— terminal voltage £'p: 6000 V 
— equivalent load resistance: 45 Q 


— inductive reactance X, of the line: 15 Q 
— Capacitive reactance X, 
in parallel with the load: 150 Q2 
Neglecting the dotted reactance X¢ in paral- 
lel with the source, calculate: 
a. the reactive power supplied by the capaci- 
tor; 

. the line current J; 
the reactive power absorbed by the line; 
. the reactive power supplied by the source; 
the apparent power supplied by the 
source; 
f. the voltage FE’; of the source; 
g. the voltage Ep and the power P when £, 

is6 kV. 


CoQ208 


29-18 In Problem 29-17 what is the phase angle 
between F’p and E,? 

29-19 Referring to Fig. 29-9, each section of the 
circuit represents a transmission line length 
of 1 km in which the impedances are x, = 
0.592; r = 0.250; x, = 300 kQ. Calculate 
the values of X,, R and X¢ if the circuit is 
reduced to that shown in Fig. 29-10. 

29-20 What is meant by the term surge imped- 
ance load? 


Advanced level 


29-21 A three-phase 230 kV transmission line 
having a reactance of 43 (2 per phase con- 
nects two regions that are 50 miles apart. 
The phase angle between the voltages at the 
two ends of the line is 20°. Calculate: 

a. the active power transmitted by the line; 

b. the current in each conductor; 

c. the total reactive power absorbed by the 
line; 

d. the reactive power supplied to the line by 
each region. 

29-22 A three-phase aerial line connected to a 
115 kV 3-phase source has a length of 
200 km. It is composed of three 600 MCM 
type ACSR conductors. Referring to Fig. 
29-13 and Tables 29B and 29C, if there is no 
load on the line, calculate: 

a. the value of R, X, and X¢, per phase; 

b. the voltage between conductors at the 
“load’’ (open end); 

c. the current drawn from the source, per 
phase; 

d. the total reactive power received by the 
source; 

e. the total J?R loss in the line. 

29-23 a. In Problem 29-22 calculate the current 
drawn from the source if a 3-phase short 
occurs across the end of the lPne. 

b. Compare this current with the ampacity 
of the conductors. 
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In Chapter 29, we mentioned that an electrical 
power system is composed of high-voltage trans- 
mission lines that feed power to a medium-voltage 
(MV) network by means of substations. In North 
America, these MV networks generally operate at 
voltages between 2.4 kV and 69 kV. In turn, they 
supply millions of independent low-voltage sys- 
tems that function between 120 V and 600 V. 
In this chapter, we cover the following main 
topics: 
1. Substations; 
2. Protection of medium-voltage distribution sys- 
tems; 
3. Low-voltage distribution; 
4. Electrical installation in buildings. 


SUBSTATIONS 


Substations are used throughout the electrical Sys- 
tem. Starting with the generating station, a substa- 
tion raises the medium-voltage generated by the al- 
ternators to the high-voltage needed to transmit 
the energy economically. 

The high transmission-line voltage is again re- 
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duced in other substations located close to the 
Power-consuming centers. The electrical equip- 
ment in such distribution substations is similar to 
that found in substations associated with gener- 
ating plants. 


30-1 Substation equipment 


A substation usually contains the following major 
apparatus: 


transformers 
circuit-breakers 
horn-gap switches 
disconnect switches 


grounding switches 
surge arresters 
current-limiting reactors 
instrument transformers 


In the description which follows, we study the 
basic principles of this equipment. Furthermore, 
to understand how it all fits together, we conclude 
our study with a typical substation that provides 
power to a large suburb. 


30-2 Circuit-breakers 


Circuit-breakers are designed to interrupt either 


618 ELECTRICAL ENERGY 


normal or short-circuit currents. The behave like 
big switches that may be opened or closed by local 
push-buttons or by distant radio signals. Further- 
more, circuit-breakers will automatically open a 
circuit whenever the line current exceeds a preset 
limit. They can be set more accurately than fuses 
can, and they do not have to be replaced after 
each fault. 

The most important types of circuit-breakers 
are: 
. Oil circuit-breakers (OCB’s); 
. Air-blast circuit-breakers; 
. SF¢ circuit-breakers; 
. Vacuum circuit-breakers. 


BRWN = 


The nameplate on a circuit breaker usually indi- 
cates (1) the maximum steady-state current it can 
carry, (2) the maximum interrupting current, (3) 
the maximum line voltage, and (4) the interrupting 
time in cycles. The interrupting time may last 
from 2 to 8 cycles on a 60 Hz system. To cut large 
currents this quickly, we have to ensure rapid 
deionization of the arc, combined with rapid cool- 
ing. High-speed interruption limits the damage to 
transmission lines and equipment and, equally im- 
portant, it improves the stability of the system. 

The tripping action is usually produced by 
means of an overload relay than can detect ab- 
normal line conditions. For example, the relay coil 
in Fig. 30-1 is connected to the secondary of a cur- 
rent transformer. The primary carries the line cur- 
rent of the phase that has to be protected. If the 
line current exceeds a preset limit, the secondary 
current will cause relay contacts C,C, to close. As 
soon as they close, the tripping coil is energized by 
an auxiliary dc source. This causes the main line 
contacts to open, thus interrupting the circuit. 


1. Oil circuit-breakers. Oil circuit-breakers are 
composed of a steel tank filled with insulating oil. 
In one version (Fig. 30-2), a group of porcelain 
bushings channels the 3-phase line currents to a set 
of fixed contacts. A group of movable contacts, 
actuated by an insulated rod, opens and closes the 
circuit. When the circuit-breaker is closed, the line 







current 
transformer 


tripping coil 


-=_ dc source 


Figure 30-1 Elementary circuit-breaker tripping circuit. 


current of each phase penetrates the tank by way 
of one porcelain bushing, flows through the first 
fixed contact, the movable contact, the second 
fixed contact, and then on out by a second bush- 
ing. | 

If an overload occurs, the tripping coil releases 
a powerful spring which pulls on the insulated rod, 
causing the contacts to open. As soon as the con- 
tacts separate, a violent arc is created, which vola- 
tilizes the surrounding oil. The pressure of the hot 
gases creates turbulence around the contacts. This 
causes cool oil to swirl around the arc, thus extin- 
guishing it. 

In modern high-power breakers, the arc is con- 
fined to an explosion chamber so that the pressure 
of the hot gases produces a powerful jet of oil. The 
jet is made to flow across the path of the arc, to 
extinguish it. Other types of circuit-breakers are 
designed so that the arc is deflected and length- 
ened by a self-created magnetic field. The arc is 
blown against a series of insulating plates that 
break up the are and cool it down. Figures 30-3 
and 30-4 show the appearance of two typical 
OCBs. 
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Figure 30-2 


actuating rod 
current 


Cross section of an oil circuit-breaker. The diagram 
transformer 


shows 4 of the six bushings; the heater keeps the 


steel tank oil at a satisfactory temperature during cold peri- 


fixed contact ods. (Canadian General Electric) 


movable contact | sear 


| 
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Figure 30-3 


Three-phase oil circuit-breaker rated at 1200 A at 
115 kV. It can interrupt a current of 50 kA in 3 
cycles on a 60 Hz system. Other characteristics: 
height: 3660 mm; diameter: 3050 mm; mass: 21 t; 
BIL 550 kV. (General Electric) 


BSS 
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Figure 30-4 


Minimum oil circuit-breaker installed in a 420 kV, 50 Hz 
substation. Rated current: 2000 A; rupturing capacity: 
25 kA; height (less support): 5400 mm; length: 6200 mm; 
4 circuit breaking modules in series. (Brown Boveri) 


2. Air-blast circuit-breakers. These circuit-breakers 
interrupt the circuit by blowing compressed air at 
supersonic speed across the opening contacts. Com- 
pressed air is stored in reservoirs at a pressure of 


about 3 MPa (* 435 psi) and is replenished by a 


compressor located in the substation. The most 
powerful circuit-breakers can typically open short- 
circuit currents of 40 kA at a line voltage of 
765 kV in a matter of 2 cycles on a 60 Hz line. 
The noise accompanying the air blast is so loud 
that noise-suppression methods must be used when 
the breakers are installed near residential areas. 
Figure 30-5 shows a typical air-blast circuit-break- 
ers, and Fig. 30-6 is a cross section of the contact 
mechanism. 


Figure 30-5 


Air blast circuit-breaker rated 2000 A at 362 kV. It can 
interrupt a current of 40 kA in 3 cycles on a 60 Hz sys- 
tem. It consists of 3 identical modules connected in series, 
each rated for a nominal voltage of 121 kV. The com- 
pressed air reservoir can be seen at the left. Other charac- 
teristics: height: 5640 mm; overall length: 9150 mm; BIL 
1300 kV. (General Electric) 


3. SF. circuit-breakers. These totally enclosed 
circuit-breakers, insulated with SF, gas,” are used 
whenever space is at a premium, such as in down- 
town substations (Fig. 30-7). They are much 
smaller than any other type of circuit-breaker of 
equivalent power and are far less noisy than air- 
circuit-breakers. 


4. Vacuum circuit-breakers. These circuit-breakers 
Operate on a different principle from other break- 
ers because there is no gas to ionize when the con- 
tacts open. They are hermetically sealed; conse- 
quently, they are silent and never become polluted 


* Sulfur hexafluoride. 


fixed contact movable contact 
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Figure 30-6 


Cross section of one module of an air blast circuit breaker. 
When the breaker trips, the rod is driven upwards, sepa- 
rating the fixed and movable contacts. The intense arc is 
immediately blown out by a jet of compressed air coming 
from the orifice. The resistor dampens the overvoltages 
that occur when the breaker opens. (General Electric) 





Figure 30-7 


Group of 15 totally enclosed SF, circuit breakers installed 
in an underground substation of a large city. Rated cur- 
rent: 1600 A; rupturing current: 34 kA; normal operating 
pressure: 265 kPa (~ 38 psi); pressure during arc extinc- 
tion: 1250 kPa (~ 180 psi). These SF, circuit-breakers 
take up only 1/16 of the volume of conventional circuit 
breakers having the same rupturing capacity. (Brown 
Boveri) 


(Fig. 30-8). Their interrupting capacity is limited 
to about 30 kV. For higher voltages, several circuit- 
breakers are connected in series. 
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Figure 30-8 


Three-phase vacuum circuit-breaker having a rating of 
1200 A at 25.8 kV. It can interrupt a current of 25 kA in 
3 cycles on a 60 Hz system. Other characteristics: height: 
2515 mm: mass: 645 kg; BIL: 125 kV. (General Electric) 


30-3 Air-break switches 


Air-break switches can interrupt the exciting cur- 
rents of transformers, or the moderate capacitive 
currents of unloaded transmission lines. They can- 
not interrupt normal load currents. 

Air-break switches are composed of a movable 
blade that engages a fixed contact; both are 
mounted on insulating supports (Figs. 30-9, 30-10). 
Two arcing horns are attached to the fixed and 
movable contacts, so that when the main contact 
is broken, an arc is set up between the arcing- 
horns. The arc moves upward due to the combined 
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Figure 30-9 One pole of a horn gap disconnecting switch rated 600 A, 27 kV, 60 Hz; (left) open position, (right) closed 
position. (Dominion Cutout) 


os 
Ze 





Figure 30-10 One pole of a 3-phase 3000 A, 735 kV, 60 Hz horn gap disconnecting switch (left) in the open position, 
(right) in the closed position. The switch can be operated manually by turning a hand wheel or remotely by 
means of a motorized drive immediately below the hand wheel. Other characteristics: height when closed: 


12 400 mm; length: 7560 mm; mass: 3 t; maximum current carrying capacity for 10 cycles: 120 kA; BIL: 
2200 kV. (Kearney) 


~~ 





Figure 30-11 The arc produced between the horns of a 
disconnecting switch as it cuts the exciting 
current of a HV transformer provides the 
light to take this night picture. (Hydro- 
Québec) 


action of the magnetic field and the hot air cur- 
rents it produces. As the arc rises, it becomes lon- 
ger until it eventually blows out (Fig. 30-11). Al- 
though the horns become pitted and gradually 
wear out, they can easily be replaced. 


30-4 Disconnecting switches 


Unlike air-break switches, disconnecting switches 
are unable to interrupt any current at all. They 
must only be opened and closed when the current 
is zero. They are basically isolating switches, en- 
abling us to isolate oil circuit-breakers, transform- 
ers, transmission lines, and so forth, from a live 
network. Disconnecting switches are essential to 
carry out maintenance work and to reroute power 
flow. 

Figure 30-12 shows a 2000A, 15 kV discon- 
necting switch. It is equipped with a latch to pre- 
vent the switch from opening under the strong 
electromagnetic forces that accompany short-cir- 
cuits. The latch is disengaged by inserting a hook- 
stick into the ring and pulling the movable blade 
out of the fixed contact. 
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Figure 30-13 shows another so-called ‘‘discon- 
nect’’ that carries a larger current, but at a much 
lower voltage. It, too, is opened by means of a 
manual hookstick. Figure 30-14 shows another 
type of disconnecting switch and Fig. 30-15 shows 
how the fixed and movable contacts engage. Fig- 





Figure 30-12 This hookstick-operated disconnecting 
switch is rated 2000 A, 15 kV and has a 
BIL of 95 kV. (Dominion Cutout) 





Figure 30-13 Disconnecting switch rated 10 kA, 1 kV 
for indoor use. (Montel/Sprecher and 
Schuh) 
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Figure 30-14 Disconnecting switch rated 600 A, 46 kV 
for sidewise operation. (Kearney) 


ure 30-16 shows maintenance personnel working 
on a large disconnecting switch in a HV substation. 


30-5 Grounding switches 


Grounding switches are safety switches that ensure 
a transmission line is definitely grounded while re- 
pairs are being carried out. Figure 30-17 shows 
three such switches in the open, horizontal posi- 
tion. To short-circuit the line to ground, all three 
grounding switches swing up to engage the station- 
ary contact connected to each phase. Grounding 
switches are opened and closed only after the lines 
are de-energized. 


30-6 Lightning arresters 


The purpose of a lightning arrester” is to limit the 
overvoltages that may occur across transformers 
and other electrical apparatus due either to light- 
ning or switching surges. The upper end of the ar- 
rester is connected to the line or terminal that has 
to be protected, and the lower end is solidly con- 
nected to ground. 


* Also called surge arrester or surge diverter. 





Figure 30-15 


The blade of a vertical motion disconnecting switch is in 
tight contact with two fixed contacts, thanks to the pres- 
sure exerted by two powerful springs. When the switch 
opens, the blade twists on its axis as it moves upward. 
During switch closure, the reverse rotary movement exerts 
a wiping action against the fixed contacts, thus ensuring 
excellent contact. (Kearney) 


The arrester is composed of an external porce- 
lain tube containing an ingenious arrangement of 
stacked discs, air gaps, ionizers, and coils. The 
discs (or valve blocks) are composed of a silicon 
carbide material known by trade names such as 
thyrite®, autovalve®, etc. As we saw in Sec. 5-16, 
this material has a resistance that decreases dra- 
matically with increasing voltage. The typical E-/ 
characteristic of a surge arrester is given in Fig. 
30-18. 

Under normal voltage conditions, spark gaps 
prevent any current from flowing through the 
tubular column. If an overvoltage occurs, the spark 
gaps break down and the surge discharges to 


~, 
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Figure 30-16 


Like all electric equipment, disconnecting 
switches have to be overhauled and inspected at 
regular intervals. During such operations, the 
current has to be diverted by way of auxiliary 
tie lines within the substation. The picture 
shows one pole of a 3-phase disconnect rated 
2000 A, 345 kV. (Hydro-Québec) 


Figure 30-17 


Combined disconnecting switch and grounding 
switch rated at 115 kV. The grounding switch 
blades are shown in the open, horizontal posi- 
tion. These blades pivot upwards to engage 
three fixed contacts at the same time, as the 
line is opened. (Kearney) 
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Figure 39-18 
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2 4 6 8 10 12 14 16 18 20 kA 
— peak current 


Voltage-current characteristic of a light- 
ning arrester having a nominal rating of 
30 kV (42.4 kV peak), used on a 34.5 kV 
line. 





ground. The 60 Hz follow-through current is limit- 
ed by the resistance of the valve blocks and the arc 
is simultaneously stretched and cooled in a whole 
series of arc chambers. The arc is quickly snuffed 
out and the arrester is then ready to protect the 
line against the next voltage surge. The discharge 
period is very short, rarely lasting more than a 
fraction of a millisecond. 

Lightning arresters also enable us to reduce the 
BIL requirements of apparatus installed in substa- 
tions (Sec. 4-15). On HV and EHV systems, the re- 
duction in BIL significantly reduces the cost of the 
installed apparatus. Figure 30-19 shows a lightning 
arrester installed in an EHV substation. 


30-7 Current-limiting reactors 


The MV bus in a substation usually energizes sev- 
eral feeders which carry power to various load cen- 
ters around the station. It so happens that the out- 
put impedance of the MV bus is usually very low. 
Consequently, if a short-circuit should occur on 
one of the feeders, the resulting short-circuit cur- 
rent can be disastrous. 

Consider, for example, a 3-phase 69 MVA, 
220 kV/24.9 kV transformer having an impedance 
of 8% and a nominal secondary current of 1600 A. 
it supplies power to eight 200 A feeders connected 
to the common MV bus (Fig. 30-20). Each feeder 
is protected by a 24.9kV, 200A circuit-breaker 
having a rupturing capacity of 4000 A. Because 
the transformer impedance is 8%, it can deliver a 
secondary short-circuit current of: 

I 1600 x (100/8) 

20 000 A 

This creates a problem because if a feeder be- 
comes short-circuited, the resulting current flow 
(20 000 A) is 100 times greater than the normal 
rating (200 A) of the feeder and its associated cir- 
cuit-breaker. The circuit-breaker could be damaged 


Figure 30-19 Lightning arresters protect this EHV trans- 
former. (General Electric) 
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Figure 30-20 MV bus bar feeding 8 lines. 


in attempting to interrupt the circuit. Furthermore, 
the feeder might burn over its entire length, from 
the circuit-breaker to the fault. Finally, a violent 
explosion would take place at the fault itself 
owing to the tremendous amount of thermal ener- 
gy released by the burning arc. 

To prevent this from happening, a current- 
limiting reactor is connected in series with each 
phase of the feeder (Fig. 30-21). The reactance 
must be high enough to keep the current below 
the interrupting capacity of the circuit-breaker, 
but not so high as to produce a large voltage drop 
under normal full-load conditions. Figure 30-22 
shows three current-limiting reactors in series with 
a HV line. 


220 kV 
69 MVA 24.9 kV 
MV bus bar 
circuit {1600 A - 
breaker reactor 
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Figure 30-21 Current-limiting reactors reduce the short- 
circuit current. 
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Figure 30-22 Three 2.20 reactors rated 500A con- 
nected in series with a 120 kV, 60 Hz line. 
They are insulated from ground by four 
insulating columns and each is protected 
by a lightning arrester. (Hydro-Québec) 


30-8 Grounding transformer 


We sometimes have to create a neutral on a 3- 
phase, 3-wire system, to change it into a 3-phase, 
4-wire system. This can be done by means of a 
grounding transformer. It is basically a 3-phase 
autotransformer in which identical primary and 
secondary windings are connected in series in zig- 
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Figure 30-23 Grounding transformer to create a neutral. 


zag fashion on a 3-legged core (Fig. 30-23). 

If we connect a single-phase load between one 
line and neutral, load current J divides into three 
equal currents //3 in each winding. Because the 
currents are equal, the neutral point stays fixed, 
and the line-to-neutral voltages remain balanced as 
they would be on a regular 4-wire system. In prac- 
tice, the single-phase loads are distributed as even- 
ly as possible between the three phases and neutral 
so that the unbalanced load current J is relatively 
small. 





30-9 Example of a substation 


Figure 30-24 shows the principal elements of a 
typical modern substation providing power to a 
large suburb. Power is fed into the substation at 
220 kV and is distributed at 24.9 kV to various 
load centers within about a 5 km radius. 

The substation is fed by 3 different lines, all 
Operating at 220 kV (Fig. 30-25). It contains six 
3-phase transformers rated at 36/48/60 MVA, 
220 kV/24.9 kV. The windings are connected in 
wye-delta and automatic tap-changers regulate the 
secondary voltage. 

A neutral is established on the MV side by 
means of 3-phase grounding transformers. Conse- 
quently, single-phase power can be provided at 
24.9/\/3 = 14.4 kV. 

Minimum-oil circuit-breakers having an inter- 
rupting capacity of 32 kA protect the HV side. 
Conventional oil circuit-breakers having an inter- 
rupting capacity of 25 kA are used on the MV side. 
Furthermore, all the outgoing feeders are pro- 
tected by circuit-breakers having an interrupting 
capacity of 12 kA. 

This completely automatic and unattended sub- 
station covers an area of 235 m x 170 m. However, 
line switching and other operations can be carried 
out by radio command from a dispatching center. 


Figure 30-24 


Aerial view of a substation serving a large sub- 
urb. The 220 kV lines (1) enter the substation 
and move through disconnecting switches (2) 
and circuit-breakers (3) to energize the prima- 
ries of the transformers (4). The secondaries are 
connected to a MV bus (5) operating at 
24.9 kV. Grounding transformers (6) and MV 
circuit-breakers (7) feed power through current 
limiting reactors (8). The power is carried away 
by 36 aerial and underground feeders to ener- 
gize the suburb (9), 
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Figure 30-25 Schematic diagram of the substation in Fig. 30-24. 
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The substation provides service to hundreds of 
single-family homes, dozens of apartment build- 
ings, several business and shopping centers, a large 
university and some industries. Figure 30-26 shows 
the basic layout and components of the substation. 


30-10 Medium-voltage distribution 


Thirty-six 3-phase feeders (30 active and 6 spares), 
rated at 24.9kV, 400A lead outwards from the 
substation. Each feeder is equipped with three 
current-limiting reactors that limit the line-to- 
ground short-circuit currents to a maximum of 
12 kA. Some feeders are underground, others over- 
head and still others are underground/overhead. 

Underground feeders are composed of three 
single-phase stranded aluminum cables insulated 
with polyethylene. The insulation is in turn sur- 
rounded by a spiral wrapping of tinned copper 
conductors which act as the ground. The cable is 
pulled through underground concrete duct (Fig. 
30-27) or simply buried in the ground. Spare cables 
are invariably buried along with active cables to 
provide alternate service in case of a fault. 

The 24.9kV aerial lines are supported on 
wooden poles. The latter also carry the LV circuits, 
and telephone cable. The 24.9 kV lines are tapped 





Figure 30-27 MV underground feeders in concrete duct. 


Figure 30-26 


This sequence of photos enables us to see how energy flows through the substation, starting from the 220 kV lines until it 
leaves by the 24.9 kV feeders. 
1. 220 kV incoming line. 
2. The line passes through 3 CT’s (left) and the substation apparatus is protected by 3 lightning arresters (right). 
3. Three HV disconnecting switches are placed ahead of the circuit-breakers. 
4. Minimum volume oil circuit-breakers composed of 3 modules in series permit the line to be opened and closed under 
load. 
. Three-phase transformer bank steps down the voltage from 220 kV to 24.9 kV. Lightning arresters on the right protect 
the HV windings. 
_ MV line from the transformer feeds the 24.9 kV bus. 
. Grounding transformer and its associated oil circuit-breaker having a rupturing capacity of 25 kA. 
. Current-limiting reactors. 
9. Three-phase circuit-breaker having a rupturing capacity of 12 kA. 
10, 11. MV underground feeder rated 400 A, 24.9 kV/14.4 kV leads into the ground towards a load center in the suburb. 
12. All steel supports are solidly grounded by bare copper conductors to prevent overvoltages across equipment due to 
lightning strokes and other disturbances. Typical station ground resistance: 0.1 {2. 
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off at various points to supply 3-phase and single- 
phase power to residences, commercial establish- 
ments, recreation centers, and so forth (Fig. 
30-28). 

For nearby areas, the 24.9 kV line voltage is 
regulated within acceptable limits by the tap- 
changing transformers at the substation. In more 
remote districts, special measures have to be taken 
to keep the voltage reasonably stable with changing 
load. Thus, self-regulating autotransformers (Fig. 
30-29) are often installed. 


30-11 Low-voltage distribution 


Two systems are provided on the low-voltage side 
of this typical suburban network: 

1. Single-phase 120/240 V with grounded neutral: 
2. Three-phase 600/347 V with grounded neutral. 


The first system is mainly used in individual 
dwellings and for single-phase power up to 
150 kVA. The second is used in industry, large 
buildings and commercial centers where the power 
requirement is under 2000 kVA. 

For single-phase service, the transformers are 
usually rated between 10 kVA and 167 kVA and 
they are pole-mounted. The voltage rating is 
14 400 V/240-120 V. The transformers possess a 
single high-voltage bushing connected to one side 
of the HV winding. The other side of the winding 
is connected to the steel enclosure which, in turn, 
is connected by a neutral conductor to ground 
(Fig. 30-30). 

In the case of 3-phase installations, 3 single- 
phase transformers rated at 14 400 V/347 V are 
used. The units are connected in wye-wye and the 
neutral on the primary side is solidly grounded. 





Figure 30-28 MV aerial feeder serving a residential dis- 
trict. 


Figure 30-29 Automatic tap-changing autotransformer 
maintains steady voltages on long rural 
lines. (General Electric) 


The secondary side provides a line voltage of 
600 V, and it may or may not be grounded. Such 
standard distribution transformers have no taps, 
and no circuit-breakers or fuses are used on the 
secondary side. The primary HV terminal is, how- 
ever, protected by a cut-out in order to prevent ex- 
cessive damage to equipment in case of a fault (see 
Figs. 30-30 and 30-31). 


Protection of Medium-Voltage 
Distribution Systems 


Medium-voltage lines must be adequately pro- 
tected against short-circuits so as to limit damage 
to equipment and to restrict the outage to as small 
an area as possible. Such line faults can occur in 
various ways: falling branches, icing, defective 





Figure 30-30 A fused cutout (top left) and lightning 
arrester (top right) protect a single-phase 
transformer rated 25 kVA, 14.4 kV/240 V 
- 120 V, 60 Hz. 
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equipment, lines that touch, and so forth. Accord- 
ing to statistics, 85 percent of the short-circuits are 
temporary, lasting only a fraction of a second. The 
same studies reveal that 70 percent take place be- 
tween one line and ground. Finally, short-circuits 
involving all 3 phases of a transmission line are 
rare. The methods of protection are based upon 
these statistics, and on the necessity to provide 
continuity of service to the customers. 


30-12 Coordination of the protective devices 


When a fault occurs, the current increases sharply, 
not only on the faulted line, but on all lines that 
directly or indirectly lead to the short-circuit. To 
prevent the overload current from simultaneously 
tripping all the associated protective devices, we 





Figure 30-31 Expulsion type fused cutout rated 7.5 kV, 
300 A. (Dominion Cutout) 
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substation 


Figure 30-32 Protective devices must be coordinated. 


must design the system so that the devices trip 
selectively. 

A well-coordinated system will cause only those 
devices next to the short-circuit to open, leaving 
the others intact. To achieve this, the tripping cur- 
rent and tripping time of each device is set to pro- 
tect the line and associated apparatus, while re- 
stricting the outage to the smallest number or cus- 
tomers. 

Consider, for example, the simple distribution 
system of Fig. 30-32 composed of a main feeder 
from asubstation, supplying a group of subfeeders. 
The subfeeders deliver power to loads A, B, C, D 
and E. A protective device is installed at the input 
to each subfeeder so that if a short-circuit occurs, 
it alone will be disconnected from the system. For 
instance, a short-circuit at point (1) will trip device 
P; but not P,. Similarly, a fault at point (2) will 
open P3 but not Py, and so on. A short-circuit must 
be cleared in a matter of a few cycles. Consequent- 
ly, the coordination between the protective devices 
involves delays that are measured in milliseconds. 
We must therefore know the value of the potential 
short-circuit currents everywhere on the network. 
We must also know the tripping characteristics of 
the fuses and circuit-breakers throughout the sys- 
tem. The most important protective devices used 
on MV lines are: 


1. Fused cutouts; 
2. Reclosers; 
3. Sectionalizers. 








30-13 Fused cutouts 


A fused cutout is essentially a fused disconnecting 
switch. The fuse pivots about one end and the cir- 
cuit can be opened by pulling on the other end 
with a hookstick (Fig. 30-31). Cutouts are relative- 
ly inexpensive and are used to protect transform- 
ers and small single-phase feeders against overloads. 
They are designed to that when the fuse blows, it 
automatically swings down, indicating that a fault 
has occured on the line. 

Fused cutouts possess a fuse link that is kept 
taut by a spring. The fuse link assembly is placed 
inside a porcelain or glass tube filled with boracic 
acid, oil, or carbon tetrachloride. The fuse link 
must be replaced every time it blows, which often 
produces a relatively long outage. To ensure good 
coordination, the current/time characteristics are 
selected very carefully for each cutout. A burned 
out fuse link must always be replaced by another 
having exactly the same rating. 


30-14 Reclosers 
A recioser is a circuit-breaker that opens on short- 


circuit and automatically recloses after a brief time 
delay. The delay may range from a fraction of a 


circuit 


breaker | recloser 










substation 
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Figure 30-34 Recloser/sectionalizer protective system. 


second to several seconds. The open/close se- 
quence may be repeated 2 or 3 times, depending 
on the internal control setting of the recloser. If 
the short-circuit does not clear itself after 2 or 3 
attempts to reclose the line, the recloser opens the 
circuit permanently. A repair crew must then lo- 
cate the fault, remove it, and reset the recloser. 
Reclosers rated at 24.9 kV can interrupt fault 
currents up to 12 000 A. They are made for either 
single-phase or 3-phase lines, and are usually pole- 





Figure 30-33 Automatic recloser protecting a 3-phase 
feeder. 


mounted (Fig. 30-33). Reclosers are self-powered, 
drawing their energy from the line and storing it in 
powerful actuating springs and electromagnets. 


30-15 Sectionalizers 


When a main feeder is protected by several fuses 
spotted over the length of the line, it is often diffi- 
cult to obtain satisfactory coordination between 
them, based on fuse-blowing time alone. Under 
these circumstances, we resort to sectionalizers. A 
sectionalizer is a special circuit-breaker that trips 
depending on the number of times a recloser has 
tripped further up along the line. In other words, a 
sectionalizer works according to the “instructions” 
of a recloser. 

For example, consider a recloser R and a sec- 
tionalizer S protecting an important main feeder 
(Fig. 30-34). If a fault occurs at the point shown 
the recloser will automatically open and reclose 
the circuit, according to a predetermined program. 
A recorder inside the sectionalizer counts the 
number of times the recloser has tripped and, just 
before it trips for the last time, the sectionalizer it- 
self trips - but permanently. In so doing, it deprives 
customers C and D of power but it also isolates the 
fault. Consequently, when the recloser closes for 
the last time, it will stay closed and customers A 
and B will continue to receive service. Unlike re- 
closers, sectionalizers are not designed to interrupt 
line currents. Consequently, they must trip during 
the interval when the line current is zero, which 
coincides with the time when the recloser itself is 
open. 

Sectionalizers are available for single-phase and 
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3-phase transmission lines. They offer several ad- 
vantages over fused cutouts. They can be reclosed 
on a dead short-circuit without fear of exploding, 
and there is no delay in looking for a fuse link 
having the correct caliber. 


30-16 Review of MV protection 


If we examine the single line diagram of a typical 

distribution system, we find it contains dozens of 

automatic reclosers, sectionalizers and fused cut- 

outs. The reclosure of circuit-breakers at the sub- 

station may be coordonated with reclosers and sec- 

tionalizers of the system. The variety of devices 

available makes it possible to provide adequate 

protection of MV lines by using combinations such 

as: 

. circuit-breaker — fuse; 

. Circuit-breaker — fuse — fuse: 

. Circuit-breaker — recloser — fuse: 

. Circuit-breaker — recloser — sectionalizer: 

. circuit-breaker — sectionalizer — recloser — sec- 
tionalizer — fuse, etc. 

In urban areas, the lines are relatively short and 
the possibility of faults is rather small. Such lines 
are subdivided into 3 or 4 sections protected by 
single-pole fused cutouts. Reclosers and section- 
alizers are not required. On the other hand, in out- 
lying districts, a 24.9 kV line may be quite long 
and consequently more exposed to faults. In such 
cases, the line is subdivided into sections and pro- 
tected by reclosers and sectionalizers to provide sa- 
tisfactory service. 


oP WN = 


LOW-VOLTAGE DISTRIBUTION 


We have seen that electrical energy is delivered to 
the customer via HV substations through MV net- 
works and finally by LV circuits. In this section, 
we briefly cover the organization of a LV distribu- 
tion system. 


30-17 LV distribution system 


The most common LY systems used in North 


America are: 


. Single-phase, 2-wire, 120 V: 
. Single-phase, 3-wire, 240/120 V: 
. Three-phase, 4-wire, 208/120 V; 
. Three-phase, 3-wire, 480 V: 
. Three-phase, 4-wire, 480/277 V: 
Three-phase, 3-wire, 600 V: 
. Three-phase, 4-wire, 600/347 V. 


NOOR WN = 


In Europe and other countries of the world, 3- 
phase 380/220 V, 50 Hz systems are widely used. 
Despite the different voltages employed, the basic 
principles of LV distribution are the same. 


Single-phase, 2-wire, 120 V system. This simple 
distribution system is only used for very small 
loads. When heavier loads have to be serviced, the 
120 V system is not satisfactory because large con- 
ductors are required. Furthermore, the voltage 
drop becomes significant even over short distances. 


Single-phase, 3-wire, 240/120 V system. In order 

to reduce the current and hence conductor size, 

the voltage is raised to 240 V. However, because 

the 120 V level is still very useful, the 240 V/120 V 

3-wire system was developed (Fig. 30-35). This 

type of distribution system is widely used. It is 

Produced by a distribution transformer having a 

double secondary winding (Sec. 12-1). The com- 

mon wire, called neutral, is solidly connected to 
ground. When the “‘live’’ lines A and B are equally 
loaded, the current in the neutral is zero. When the 
loading is unequal, the neutral current is equal to 
the difference between the line currents In - Ip 

(Fig. 30-35). We try to distribute the 120 V loads 

as equally as possible between the two live wires. 
What are the advantages of such a 3-wire sys- 

tem? 

1. The line to ground voltage is only 120 V, which 
is reasonably safe for use in a home: 

2. Lighting and small motor loads can be energized 
at 120 V, while larger loads such as electric 
stoves, large motors, and so forth, can be fed 
from the 240 V line. 


distribution 
transformer 
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Figure 30-35 Single-phase 240 V/120 V distribution system. 


Both live lines are protected by fuses or circuit- 
breakers. However, such protective devices must 
never be placed in series with the neutral conduc- 
tor. The reason is that if the device trips, the line- 
to-neutral voltages become unbalanced. The volt- 
age across the lightly loaded 120 V line goes up, 
while that across the more heavily loaded side goes 
down. This means that some lights are dimmer 
than others and, moreover, the intensity will vary 
as refrigerator motors, electric stove elements, and 
so forth, are switched on and off. 


Three-phase, 4-wire, 208/120 V system. We can 


create a 3-phase, 4-wire system by using 3 single- 
ohase transformers connected in delta-wye. The 


120 V secondary 
5 





2400 V primary 
1 


single phase loads 


neutral of the secondary is grounded, as shown in 
Fig. 30-36. 

This system is used in commercial buildings and 
small industries because the 208 V line voltage can 
be used for electric motors or other large loads, 
while the 120 V lines can be used for lighting cir- 
cuits and convenience outlets. The loads between 
the three “‘live’’ lines and neutral are balanced as 
much as possible. When the loads are perfectly bal- 
anced, the current in the neutral wire is Zero. 


Three-phase, 3-wire, 600 V system. A 600 V, 3- 
phase, 3-wire system is used for power circuits 
where fairly large motors are installed, ranging up 
to 300 hp (Fig. 30-37). Separate 600 V/240-120 V 


3-phase loads 


Figure 30-36 Three-phase 4-wire 208 V/120 V distribution system. 
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Figure 30-37 Three-phase 3-wire 600 V distribution system. 


step-down transformers, spotted throughout the 
premises, are used to service the lighting loads and 
convenience outlets. 


Three-phase, 4-wire, 600/347 V system. In large 
buildings and commercial centres, a 600 V, 4-wire 
distribution system is used because it enables oper- 
ating motors at 600 V and fluorescent lights at 
347 V. For 120 V convenience outlets, separate 
transformers are required, usually fed from the 
600 V line. 

The same remarks apply to 480/277 V, 4-wire 
systems. 


30-18 Grounding electrical installations 


The grounding of electrical systems is probably 
one of the less well understood aspects of electrici- 
ty. Nevertheless, it is a very important subject and 
an effective way of preventing accidents. 

As we have seen, most electrical distribution 
systems in buildings are grounded, usually by con- 
necting the neutral to a water pipe or the massive 
steel structure. On low-voltage systems, the pur- 
pose of grounding is mainly to reduce the danger 
of electric shock. On the other hand, as far as 
equipment grounding is concerned, it is systemati- 
cally employed on HV, MV and LV systems. 


30-19 Electric shock 


It is difficult to specify whether a voltage is dan- 


gerous or not because electric shock is actually 
caused by the current that flows through the hu- 
man body. The current depends mainly upon the 
skin contact resistance because, by comparison, 
the resistance of the body itself is negligible. The 
contact resistance varies with the thickness, wet- 
ness, and resistivity of the skin. 

It is generally claimed that currents below 5 mA 
are not dangerous. Between 10 mA and 20 mA, 
the current is potentially dangerous because the 
victim loses muscular control and so may not be 
able to let go; above 50 mA, the consequences 
may be fatal. 

The resistance of the human body, taken be- 
tween two hands, or between one hand and a leg, 
ranges from 500 Q to 50 kQ. If the resistance of a 
dry hand is, say, 50 kQ, then momentary contact 
with a 600V line may not be fatal (7 = 
600 V/50 kQ2. = 12 mA). But the resistance of a 
clammy hand is much lower, so that an ac voltage 
as low as 25 V may prove fatal (J = 25 V/500 Q = 
50 mA). 

When ac current flows through the body, the 
muscular contractions prevent the victim from let- 
ting go. The current is particularly dangerous when 
it flows in the region of the heart. It induces tem- 
porary paralysis and, if it flows long enough, fibril- 
lation may result. Fibrillation is a very rapid and 
uncoordinated heart beat that is not synchronized 
with the pulse beat. In such cases, the person can 
be revived by applying artificial respiration. 

Statistical investigations have shown that a cur- 
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Figure 30-38 Transformer capacitance may produce high voltages on the LV side of a transformer. 


rent may cause death if it satisfies the following 
equation: 


I= 116/ft |* (30-1) 
where 
I = current flow through the body [mA] 
t = time of current flow [s] 
116 = an empirical constant, expressing the 


probability of a fatal outcome 


According to tests, a person has 1 chance in 20 
of dying if this equation is satisfied. For example, 
a current of 116 mA flowing for 1s is fatal in one 
case out of 20. 


30-20 Grounding of 120 V 
and 240 V/120 V systems 


Suppose the primary winding of a distribution 
transformer is connected between the line and 
neutral of a 14.4 kV line (Fig. 30-38a). If the sec- 
Ondary conductors are ungrounded, it would ap- 
pear that a person could touch either one without 
harm because there is no ground return. However, 
this is not true. 


* Dalziel, C.F., 1968 “‘Reevaluation of Lethal Electric 
Currents”, /EEE, Transactions on Industry and Gener- 
al Application, Vol. |GA-4, No. 5, pages 467 to 475. 


First, the capacitive coupling C,, C, between 
the primary, secondary, and ground, can produce a 
high voltage between the secondary lines and 
ground. Depending upon the relative magnitude of 
C, and C;,, it may be as high as 20 to 40 percent of 
the primary voltage. If a person touches either one 
of the secondary wires, the resulting capacitive 
current [, could be dangerous, even in the case of 
small transformers. For example, if J, is only 
20 mA, the person may no longer be able to let go 
(Fig. 30-38b). 

Even more serious, suppose that a high-voltage 
wire accidentally touches a 120 V conductor. This 
could be caused by an internal fault in the trans- 
former, or by a branch or tree falling across the 
MV and LV lines. Under these circumstances, the 
much higher than normal 14.4 kV between the 
secondary conductors and ground would immedi- 
ately puncture the 120 V insulation, causing a 
massive flashover. The flashover could occur any- 
where on the secondary network, possible inside a 
home or factory. Consequently, an ungrounded 
secondary system is a potential fire hazard and 
may produce grave accidents under abnormal con- 
ditions. 

On the other hand, if one of the secondary lines 
is grounded, the accidental contact between a HV 
and a LV conductor produces a dead short. The 
short-circuit current follows the dotted path 
shown in Fig. 30-39. The high current will blow 
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Figure 30-39 A HV to LV fault is not dangerous if the 
secondary is solidly grounded. 


the fuse on the MV side, thus effectively discon- 
necting the transformer and secondary distribution 
system from the MV line. In conclusion, if the 
neutral is solid/y grounded, the potential differ- 
ence between the ground and live conductor 1 will 
never exceed 120 V. However, if the ground elec- 
trode has a high resistance (Sec. 5-19), the voltage 
produced by a MV-LV short-circuit current may 
still be large, and potentially dangerous. 


30-21 Equipment grounding 


The consumer is constantly touching electrical 
equipment of all kinds, ranging from domestic 
appliances and hand-held tools to industrial 
motors, switchgear, heating equipment, and so 
forth. As we have seen the voltages and currents 
associated with this equipment far exceeds those 
the human body can stand. Consequently, special 
precautions are taken to ensure that the equip- 
ment is safe. 

In order to understand the safety features of 
modern distribution systems, let us begin with a 
simple single-phase circuit composed of a 120 V 
source connected to a motor M (Fig. 30-40). The 
motor is inside a piece of equipment that is sur- 









enclosure 






neutral 


Figure 30-40 Ungrounded metallic enclosures are poten- 
tially dangerous. 


rounded by an ungrounded metal enclosure. The 
neutral is solidly grounded at the service entrance. 
If a person touches the metal enclosure, nothing 
will happen if the equipment is functioning cor- 
rectly. But if the winding insulation becomes 
faulty, the resistance Re between the motor and 
the enclosure may drop from several megohms to 
only a few hundred ohms or less. A person having 
a body resistance Rp would complete the current 
path to ground as shown in Fig. 30-40. If Re is 
small (as it could be), the leakage current /, could 
be dangerously high. This system is unsafe. 

It appears that we could remedy the situation 
by bonding the enclosure to the grounded neutral 
wire (Fig. 30-41). The leakage current now flows 


line 





Figure 30-41 Bonding enclosure to the neutral wire ap- 


pears safe. 


from the motor, through the enclosure, and 
straight back to the neutral wire, but the enclosure 
remains at ground potential. Consequently, the 
operator would not experience any shock. The 
trouble with this solution is that the neutral wire 
may become open either accidentally or due to a 
faulty installation. For example, if the switch is 
inadvertently connected in series with the neutral 
rather than the live wire, the motor can still be 


shut on and off. However, if someone touched the 
enclosure while the motor is off, he could receive a 
bad shock (Fig. 30-42). The reason is that when 
the motor is off, the potential of the enclosure 
rises to that of the live conductor. 


line i wen eenncccnsccnccccccce : 





Figure 30-42 Enclosure-to-neutral bonding can still be 
dangerous. 


To get around this problem, we install a third 
wire, called ground wire, between the enclosure 
and the system ground (Fig. 30-43). With this ar- 
rangement, the neutral wire must never be con- 
nected to the enclosure, except for special excep- 
tions allowed by the NEC. 






120 V 
neutral 





ground 
conductor 


i 


Figure 30-43 A ground conductor bonded to the enclo- 
sure Is safe. 


The ground wire may be bare, or, if insulated, it 
is colored green. In armored-cable and conduit in- 
stallations, the armor and conduit serve as the 
ground conductor. The locknuts, squeeze-connec- 
tors, threads and bushings must be tight so as to 
make a good electrical connection between the ser- 
vice ground and the hundreds of outlets that some- 
times make up a large installation. 

Many electrical outlets are now provided with 
receptables having three contacts - one live, one 
neutral, and one ground (Fig. 30-44). Portable 
hand-tools such as electric drills are equipped with 
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a 3-conductor cord and a 3-prong plug. So-called 
double-insulated tools having plastic enclosures 
may dispense with the ground wire requirement. 


30-22 Ground-fault circuit-breaker 


The grounding schemes we have covered are usual- 
ly adequate, but further safety measures are 
needed in some cases. Suppose for example, that a 
person sticks his finger into a lamp socket (Fig. 
30-45). Although the metal enclosure is securely 
grounded, the person will still receive a painful 
shock. Again, suppose a 120 V electric toaster 
tumbles into a swimming pool. The wet heating 
elements and contacts will produce a hazardous 
leakage current throughout the pool, even if the 
frame is securely grounded. Devices have been de- 
veloped that will cut the source of power as soon 


120 V receptacle 


Clan 





Figure 30-44 The metal housing of hand tools must be 
grounded. 
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Figure 30-45 Special case where grounding does not af- 
ford protection. 


as such accidents take place. These ground-fault 
circuit-breakers will typically trip in 25 ms if the 
leakage current exceeds 5 mA. How do these pro- 
tective devices operate? 

A small current transformer surrounds the live 
and neutral wires as shown in Fig. 30-46. The sec- 
ondary winding is connected to a sensitive elec- 
tronic detector that can trigger a circuit-breaker 
CB in series with the 120 V line. Under normal 
conditions, the currents flowing in the line con- 
ductor and the neutral are equal, and so the net 
current (Jw - JN) flowing through the hole in the 
toroidal core is zero. Consequently, no flux is pro- 
duced in the core, the induced voltage FE’ is zero, 
and breaker CB does not trip. 





current 
transformer 


ground conductor 


Suppose now that a fault current /-¢ leaks di- 
rectly from the line wire to ground. This could 
happen if someone touched a live terminal, or if 
the motor M fell into the water (Fig. 30-46). A 
fault current would also be produced if the insula- 
tion broke down between the motor and its 
grounded enclosure. Under any of these condi- 
tions, the net current flowing through the hole of 
the CT is no longer zero but equal to/¢. A flux is 
set up and a voltage F’¢ is induced which trips CB. 
Because an unbalance of only 5 mA has to be de- 
tected, the core material must be extremely per- 
meable at low flux densities. The relative permea- 
bility is typically 40 O00 at a density of 4 mT and 
Supermalloy is used for this purpose. 


30-23 Electrical installation in buildings 


The electrical distribution system in a building is 
the final link between the consumer and the origi- 
nal source of electrical energy. All such “‘in-house”’ 
distribution systems, be they large or small, must 
meet certain basic requirements. They relate to: 
1. Safety: 
a. protection against electric shock; 
b. protection of conductors against physical 
damage; 
c. protection against overloads: 
d. protection against hostile environments. 
2. Conductor voltage drop: 
It should not exceed 1 or 2 percent. 
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Figure 30-46 Ground fault circuit-breaker trips when external leakage currents flow. 


3. Life expectancy: 
The distribution system should last a mini- 
mum of 50 years. 

4. Economy: 
The cost of the installation should be mini- 
mized while observing the pertinent stan- 
dards. 

Standards are set by the National Electrical 
Code™ and every electrical installation must be ap- 
proved by an inspector before it can be put into 
service. 


30-24 Principal components 
of an electrical installation 


Many components are used in the makeup of an 
electrical installation. The block diagrams of Figs. 
30-47 and 30-48, together with the following defi- 
nitions, t will help the reader understand the pur- 
pose of some of the major items. 


1. Service conductors. These are the conductors 
that extend from the street main or from trans- 
formers, to the service equipment of the premises 
supplied. 


2. Service equipment. The necessary equipment, 
usually consisting of a circuit-breaker or switch 
and fuses, and their accessories, located near the 
point of entrance of supply conductors to a build- 
ing or other structure, or an otherwise defined 
area, and intended to constitute the main control 
and means of cutoff of the supply. 


3. Metering equipment. Various meters and re- 
corders to indicate the electrical energy consumed 
on the premises. 


4. Panel board. A single panel or group of panel 
units designed for assembly in the form of a single 
panel; including buses, automatic overcurrent de- 


* In Canada, by the Canadian Electrical Code. 


Tt Some taken from the National Electrical Code. 
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vices, and with or without switches for the control 
of light, heat or power circuits; designed to be 
placed in a cabinet or cutout box placed in or 
against a wall or partition and accessible only from 
the front. 


5. Switchboard. A large single panel, frame, or 
assembly of panels on which are mounted, on the 
face, or back, or both, switches, overcurrent and 
other protective devices, buses, and usually instru- 
ments. Switchboards are generally accessible from 
the rear as well as from the front and are not in- 
tended to be installed in cabinets. 


service 
conductors 


service equipment 
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metering equipment 


feeder 
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Figure 30-47 Block diagram of the electrical system in a 
residence. 
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6. Feeder. All circuit conductors between the ser- 
vice equipment, or the generator switchboard of 
an isolated plant, and the final branch-circuit over- 
current device. 


7. Branch circuit. The circuit conductors between 
the final overcurrent device protecting the circuit 
and the outlet(s). 


8. Outlet. A point on the wiring circuit at which 
current is taken to supply utilization equipment. 


service 
conductors 


service equipment 
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Figure 30-48 Block diagram of the electrical system in 
an industrial or commercial establishment. 


9. Receptacle. A contact device installed at the 
outlet for the connection of a single attachment 
plug. 


10. Utilization equipment. Equipment which uti- 
lizes electrical energy for mechanical, chemical, 
heating, lighting, or similar services. 


The greatly simplified diagrams of Fig. 30-47 
and 30-48 indicate the type of distribution sys- 
tems used respectively in a home and in an indus- 
trial or commercial establishment. 


QUESTIONS AND PROBLEMS 
Practical level 


30-1 What is the difference between a circuit- 
breaker and a disconnecting switch? 

30-2 Name 4 types of circuit breakers. 

30-3 The disconnector shown in Fig. 30-13 can 
dissipate a maximum of 200 W. Calculate 
the maximum value of the contact resistance. 

30-4 What is the purpose of a grounding switch? 

30-5 Name some of the main components of a 
substation. 

30-6 The ground resistance of a substation is 
0.35 (2. Calculate the rise in potential of the 
steel structure if the station is hit by a50 kA 
lightning stroke. 

30-7 What is the purpose of the following equip- 


ment: 
fuse cutout receptacle 
recloser ground wire 


current-limiting reactor surge arrester 


Intermediate level 


30-8 A lightning arrester having the characteristics 
shown in Fig. 30-18 is connected to a line 
having a line-to-neutral voltage of 34.5 kV. 
Calculate: 

a. the peak voltage between line and neutral; 
b. the current flowing in the arrester under 


these conditions. 

30-9 In Problem 30-8, an 80 kV surge appears be- 

tween line and neutral. Calculate: 

a. the peak current in the arrester; 

b. the peak power dissipated in the arrester; 

c. the energy dissipated in the arrester if the 
surge effectively lasts for 5 us. 

30-10 Figure 30-25 is a schematic diagram of a 
substation and Fig. 30-26 shows the actual 
equipment. Can you correlate the symbols 
of the schematic diagram with the equip- 
ment? 

30-11 Repairs have to be carried out on HV cir- 
cuit breaker No. 6 shown in Fig. 30-25. If 
the three 220 kV lines must be kept in ser- 
vice, which disconnecting switches must be 
kept open? 

30-12 The current-limiting reactors (8) shown in 
Fig: 30-26 limit the short-circuit current to 
12 kA on the 24.9 kV feeders. Calculate the 
reactance and inductance of each coil. 

30-13 In Fig. 30-35, resistive loads 1, 2 and 3 re- 


spectively absorb 1200W, 2400W and-° 


3600 W. Calculate the current: 
a. in tines A and B; 

b. in the neutral conductors; 

c. in the HV line. 

30-14 In Fig. 30-37, the lighting circuit is off and 
the two motors together draw 420 kVA 
from the 600 V line. Calculate the current in 
the MV lines. 

30-15 Draw a graph (/ versus t) of Equation 30-1 
for currents between 10 mA and 2 A. Cross- 
hatch the potentially mortal regions. State 
whether the following conditions are danger- 
ous: 

a. 300 mA for 10 ms; 
b. 30 mA for 2 min. 

30-16 Explain the operation of a ground fault 

circuit-breaker. 


Advanced [evel 


30-17 The following loads are connected to the 
240 V/120 V line shown in Fig. 30-35. 
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load 1: 6 kW, cos @ = 1.0 
load 2: 4.8 kW, cos @ = 0.8 lagging 
load 3: 18 kVA, cos @ = 0.7 lagging 
a. Calculate the currents in lines A and B, 
and the neutral; 
b. What is the current in the MV line? 
c. What is the power factor on the MV side? 

30-18 Referring to Fig. 30-36, the connected 
loads have the following ratings: 
single phase loads : 30 kW each | 
motor M1: 50 kVA, cos @ = 0.5 lagging 
motor M2: 160 kVA, cos @ = 0.80 lagging 
a. Calculate the currents in the secondary 

windings. 
b. Calculate the line currents and power fac- 
tor on the 2400 V side. 

30-19 In Fig. 30-37, a sensitive voltmeter reads 
300 V between one 600 V line and ground, 
even though the 600 V system is not 
grounded. Can you explain this phenome- 
non? 

30-20 The oil in the big power transformer shown 
on the extreme left-hand side of Fig. 30-25 
has to be filtered and cleaned. Without inter- 
rupting the power flow from the three 
220 kV incoming lines, state which circuit 
breakers and which disconnecting switches 
have to be opened, and in what order? 

30-21 Referring to Fig. 30-26, the three alumi- 
num conductors that make up the 3-phase 
24.9kV feeder (item 10.11) each have a 
cross-section of 500 MCM. The cable posses- 
ses the following characteristics, per phase, 
and per kilometer of length: 

resistance : 0.13 Q2 
inductive reactance: 0.1 Q 
capacitive reactance : 3000 {2 
a. Draw the equivalent circuit of one phase 
if the line length is 5 km. 
b. If no current-limiting line reactors are 
used, calculate the short-circuit current if 
a fault occurs at the end of the line. 
c. Given the 12 kA rating of the circuit 
breakers, is a line reactor needed in this 
special case? 
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The development of high-power, high voltage con- 
verters has made it possible to transmit and control 
large blocks of power using direct current. Direct 
current transmission offers unique features that 
complement the characteristics of existing ac net- 
works. We cover here some of the various ways it 
is being adapted and used, both in North America 
and throughout the world. However, before under- 
taking this chapter, the reader should first review 
the principles of power electronics covered in 
Chapter 23. 


31-1 Features of dc transmission 


What are the advantages of transmitting power by 
dc rather than by ac? They may be listed as fol- 
lows: 

1. DC power can be controlled much more quick- 
ly. For example, power in the megawatt range 
can be reversed in adc line in less than one sec- 
ond. This feature makes it useful to operate dc 
transmission lines in parallel with existing ac 
networks. When instability is about to occur 
(due to a disturbance on the ac system), the dc 
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power can be changed in amplitude to counter- 
act and dampen out the power oscillations. 
Quick power control also means that dc short- 
circuit currents can be limited to much smaller 
values than those encountered on ac networks. 

2. DC power can be transmitted in cables over 
great distances. We have seen that the capaci- 
tance of a cable limits ac power transmission to 
a few tens of kilometers (Sec. 29-24). Beyond 
this limit, the reactive power generated by cable 
Capacitance exceeds the rating of the cable 
itself. Because capacitance does not come into 
play under steady-state dc conditions, there is 
theoretically no limit to the distance that pow- 
er may be carried this way. As a result, power 
can be transmitted by cable under large bodies 
of water, where the use of ac cables is unthink- 
able. Furthermore, underground dc cable may 
be used to deliver power into large urban cen- 
ters. Unlike overhead lines, underground cable 
is invisible, free from atmospheric pollution, 
and solves the problem of securing rights of 
way. 

3. We have seen that ac power can only be trans- 
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converter 1 


line 1 


converter 2 





Figure 31-1 Elementary dc transmission system. 


mitted between centers operating at the same 
frequency. Furthermore, the power transmitted 
depends upon line reactance and the phase 
angle between the voltages at each end of the 
line (Sec. 29-19). The big advantage of dc is 
that systems having different frequencies can 
now be tied together. In effect, when power Is 
transmitted by dc, frequencies and phase angles 
make no difference, and line reactance does not 
limit the steady-state power flow. If anything, 
it is only the resistance of the line that limits 
the flow. This also means that power can be 
transmitted over greater distances by using dc. 

However, this is a marginal benefit because 

large blocks of ac power are already being car- 

ried over distances exceeding 1000 km. 

4. Overhead dc transmission lines become eco- 
nomically competitive with ac lines when the 
length of the line exceeds several hundred kilo- 
meters. The width of the power corridor is less, 
and experience to date has shown that outages 
due to lightning are somewhat reduced. Conse- 
quently, dc transmission lines are being used to 
carry electric power directly from a generating 
Station located near a coal mine or waterfall, to 
the load center. 

If dc transmission offers such important advan- 
tages, why is it not more widely used? The reason 
is (1) reliable HV converters have only recently 
been developed, (2) they are still relatively expen- 
sive, and (3) it is not easy to tap power off at dif- 


ferent points along a dc line. In effect, dc lines are 
usually point-to-point systems, tying one large gen- 
erating station to one large power-consuming cen- 
ter. Electronic converters are installed at each end 
of the transmission line, but none in between. 


31-2 Basic dc transmission system 


A dc transmission system consists basically of a dc 
transmission line connecting two ac systems. A 
converter at one end of the line converts ac power 
into de power while a similar converter at the 
other end reconverts the dc power into ac power. 
One converter acts therefore as a rectifier, the 
other as an inverter. 

Stripped of everything but the bare essentials, 
the transmission system may be represented by the 
circuit of Fig. 31-1. Converter 1 is a 3-phase 6- 
pulse rectifier which converts the ac power of line 
1 into dc power. The dc power is carried over a 2- 
conductor transmission line and reconverted to ac 
power by means of converter 2, acting as an in- 
verter. Both the rectifier and inverter are naturally 
commutated by the respective line voltages to 
which they are connected (Secs. 23-8, 23-17, and 
23-25). Consequently, the networks can function 
at entirely different frequencies, without affecting 
power transmission between them. 

Power flow may be reversed by changing the 
firing angles a, and @, so that converter 1 becomes 
an inverter and converter 2 a rectifier. Changing 
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Figure 31-2 Smoothing inductors L, and L., are required. 


the angles reverses the polarity of the conductors, 
but the direction of current flow remains the same. 
The reason is that thyristors can only conduct in 
one direction. 

The dc voltages kg; and Egg at each converter 
station are identical, except for the /R drop in the 
line. The drop is usually so small that we can ne- 
glect it, except insofar as it affects losses, efficien- 
cy and conductor heating. 

Owing to the high voltages and currents en- 
countered in transmission lines, each thyristor 
shown in Fig. 31-1 is actually composed of several 
thyristors connected in series-parallel. Such a 
group of thyristors is often called a valve. Thus, a 
valve for a 50 kV, 1000 A converter would typical- 
ly be composed of 2 parallel groups of 50 thy- 
ristors connected in series, or 100 SCRs per bridge 
arm. Each converter in Fig. 31-1 would therefore 
contain 600 thyristors. The 100 thyristors in each 
bridge arm are triggered simultaneously so they 
together act like a super-SCR. 


31-3 Voltage, current and power relationships 


In a practical transmission line, smoothing induc- 
tors L, and L, (Fig. 31-2) must be used as a buffer 
between the ripple-free dc voltage Ey and the un- 
dulating output of the converters (Secs. 23-9, 
23-25, and 23-28). They also reduce the ac har- 
monic currents flowing in the transmission line to 
an acceptable level. 


Typical waveshapes of 44g and Eg on the de 
side of the rectifier and inverter, respectively, are 
shown in Figs. 31-3a and 31-3b. We have assumed 
firing angles of 15° and 165°, respectively, for the 
rectifier and inverter. Consequently, the dc line 
voltage is given by: 

Eqg= 1.35 FE cos a 
1.35 Ecos 15° 
1.304 EF 


Eq. 23-14 


The potential difference between F'4g and Eg 
appears across inductor L,. Similarly, the differ- 
ence between Eg and Fy appears across Lp. 

In the case of dc transmission lines, the rectifier 
angle a, is simply designated a. Furthermore, the 
inverter firing angle is not considered as a delay 
(a) with respect to the rectifier zero firing point, 
but as an angle of advance ~. Thus, as regards the 
inverter, instead of stating that a, = 165° (as we 
have done in all previous inverter circuits, Chapters 
23, 24, and 25), we now refer to it as an angle of 
advance B = 15. (Fig. 31-3b). The value of B is re- 
lated to @, by the simple equation: 


6B = 180 - a, 


Note that the inverter voltage is zero when £ is 
90°, and maximum when B= 0°. 

The voltage, current, and power relationships of 
a dc transmission system are the same as those for 
any circuit containing ac/dc power converters. Re- 
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Figure 31-2 


ferring to Fig. 31-2, and based upon equations we 
have already seen, the relationships may be stated 


as follows: 


Eg = 1.35 £, cos a Eq. 23-14 


: aes I, = 0.816 Ly Eq. 23-15 


QO, = Ptana Eq. 23-16 


active power transmitted [W] 

dc line voltage [V] 

dc line current [A] 

effective values of the currents in ac 
lines 1 and 2 [A] 


effective values of the respective ac 
line voltages [V] 

reactive powers absorbed by con- 
verters 1 and 2 [var] 

rectifier angle of delay [°] 

inverter angle of advance [7] 


In order to keep the reactive powers QO, and Q, 
as low as possible, we attempt to make a@ and £ ap- 
proach O°. However, for practical reasons, both are 
kept at around 30. Using these values, we can cal- 
culate the relative magnitudes of the voltages and 
currents in a typical transmission line delivering, 
say, 100A at a potential of 1000 V (Fig. 31-4). 
Thus, we have: 

Eg = 1.35%, cos a 
1000 = 1.35 FE, cos 30 
E, ~*~ 850 V 


Furthermore, 


Ea = 1.35 £, cos B 
1000 = 1.35 EF, cos 150 


EF, ~ 850 V 
I= I, = 0.816/g 
= 0.816 x 100 
~ B82A 


P = Eglg = 1000 x 100 


= 100 kW 
QO, = Ptana 
= 100 tan 30 
= 58 kvar 
Q, = Ptan@ 
= 100 tan 150 


= 58 kvar 
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Figure 31-3 a. Rectifier voltage waveshape for a =.15°. 
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Figure 31-3 b. Inverter voltage waveshape for 6 = 15°. 
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Figure 31-4 Scale model of a simple dc transmission system. 


Figure 31-4 may thus be used as a scale model 
to determine the order of magnitude of the volt- 
ages, Currents, and power in any dc transmission 
system. 


Example 31-1: 

A dc transmission line operating at 150 kV carries 
a current of 400 A. Calculate the approximate val- 
ue of: 

a. the ac line voltage at each converter station; 

. the ac line current: 

the active power absorbed by the rectifier; 

. the reactive power absorbed by each converter; 
the apparent power supplied to the rectifier. 


o208 


Solution: 
Using the scale model of Fig. 31-4 we find: 
a. The ac line voltages are: 


fy, = E,= (150 kV/1000 V) x 850 = 127.5 kV 
b. The effective value of the line current is: 
I, = I, = (400/100) x 82 = 328A 
c. The active power absorbed by the rectifier: 
P, = 150 kV x 400 A = 60 000 kW = 60 MW 
d. The reactive power absorbed by each converter: 
Q, = Q2 = (60 000/100) x 58 = 34 800 kvar 
= 34.8 Mvar 
e. Apparent power supplied to the rectifier: 
S = VP,2+0,? = V602 + 34.8? 


= 69.4MVA 


31-4 Power fluctuations on a dc line 


In order to ensure stability in transmitting dc 
power, the rectifier and inverter must have special 
voltage-current characteristics. These characteristics 
are shaped by computer-controlled gate firing cir- 
cults. We can best understand the need for such 
controls by studying the behavior of the system 
when the controls are absent. 

Figure 31-5 shows a dc transmission line having 
a resistance R. The converters produce voltages 
Eg1 and Fy2, and the resulting dc line current is 
obviously given by: 


Ig = (Eqi - £a2)/R (31-1) 


The line resistance is always small; consequent- 
ly, a very small difference between Fy, and Fy 
can produce full-load current in the line. Further- 
more, a small change in either yg; or Egg can pro- 
duce a very big change in Jy. For example, if Ey; 
increases by only a few percent, the line current 
can easily double. Conversely, if Ey increases by 
only a few percent, the line current can fall to 
zero. 

Unfortunately, both Fy, and Ego are subject to 
sudden changes because the associated ac line volt- 
ages £, and £', may fluctuate. The fluctuations 
may be due to sudden load changes on the ac net- 
works or to any number of other system distur- 
bances than can occur. Owing to the almost instan- 
taneous response of the converters and transmis- 
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converter 2 
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Figure 31-5 A small change in either Ey, or Egg produces a very big change in J. 


sion line, the dé current swings wildly under these 
Conditions, producing erratic power swings be- 
tween the two networks. Such power surges are 
unacceptable because they tend to destabilize the 
ac networks at each end, and because they pro- 
duce misfiring of the SCRs. 

It is true that the firing angles a and B could be 
modulated to counteract the ac line voltage fluc- 
tuations. However, it is preferable to design the 
system so that large, unpredictable dc power 
surges are inherently impossible. We now show 
how this is done. 


31-5 Typical rectifier and inverter characteristic 


In a practical de transmission system, the comput- 
er-controlled rectifier circuit is designed to yield 
the E-I curve shown in Fig. 31-6a. Assuming a 
fixed ac line voltage Ej, the dc output voltage Eq is 
kept constant until the line current Iq reaches a 
value J. Beyond this point, Eg drops sharply as 
can be seen on the curve. This E-/ characteristic is 
obtained by keeping a@ constant at about 30° until 
current Ig approaches the desired value /;. The 
firing angle then increases (automatically) at a very 
rapid rate, so that Jy is equal to /,, when Eq, = 0. 
In other words, if a short-circuit were to occur 
across the dc side of the rectifier, the resulting dc 
current would be equal to Jj. 

As regards the inverter, it is designed to give the 
E-I curve shown in Fig. 31-6b. Assuming a fixed ac 
line voltage E>, voltage Ego is maintained at zero 
until the dc line current reaches a value J. This 
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Figure 31-6 a. Rectifier E-J characteristic. 
b. Inverter &-J characterictic. 


means that from zero to J», the firing angle 6 = 90°. 
As soon as the dc current approaches the desired 
value J>, the firing angle a increases (automatical- 
ly) to a fixed limiting value of about 30°. 
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Under normal operating conditions, the inverter 
voltage level is made to be slightly below the recti- 
fier voltage level. Furthermore, limiting current J, 
is made slightly smaller than J,. The effect of these 
constraints can best be seen by superposing the 
rectifier and inverter characteristics (Fig. 31-7a). 
The actual transmission-line voltage and current 
corresponds to the point of intersection of the two 


line ZR drop 






Eat 
Operating point 





Figure 31-7 a. Operating point when the transmission 
line delivers rated power. 


curves. It is obvious that the line current Jy is equal 
to 1, (determined by the rectifier characteristic) 
while the line voltage Ey is equal to Eyo (deter- 
mined by the inverter characteristic). The differ- 
ence between J, and J, is called the current margin 
AI. |t is made to equal about 10 percent of the 
rated line current. 

If the line has appreciable resistance, the JR 
drop modifies the effective rectifier characteristic 
so that it follows the dotted line shown in Fig. 
31-7a. This, however, does not affect the operating 
point under normal conditions. The effective pow- 
er input to the inverter is therefore given by the 
product Fyo/4. 


31-6 Power control 


To vary the power flow over the dc line, the recti- 
fier and inverter E-J characteristics are modified si- 
multaneously. Voltages Fg, and Ego are kept con- 
stant but /, and /, are varied simultaneously while 
keeping the current margin fixed. Thus, Fig. 31-7b 
shows the new £-/ characteristics for a transmis- 





Figure 31-7 b. Operating point when the line delivers 
20 percent rated power. 


sion line current ZJg smaller than that in Fig. 31-7a. 
By thus shifting the E-J characteristics back and 
forth, we can cause the dc power to vary from 
zero to maximum. Note that the line voltage Ey is 
constant, and that it is always determined by the 
inverter. On the other hand, the magnitude of the 
line current is determined by the rectifier. 

At this point, the reader may wonder why the 
E-I characteristics have been given such odd shapes 
to attain such a simple result. The reason is that 
the dc system must be able to accommodate seri- 
ous ac voltage fluctuations at either end of the line 
without affecting the dc power flow too much. It 
must also limit the magnitude of the fault currents, 


should a short-circuit occur on the dc line. We now 
explain how this is achieved. 


31-7 Effect of voltage fluctuations 
Referring to Fig. 31-7a, let us assume that the dc 


line carries full-load current J/,. If the ac voltage of 
line 1 increases suddenly, £4 rises in proportion, 


operating point 





Figure 31-8 Change in operating point when EF’, falls 
drastically. 


but this has no effect on J, or Eg2. Consequently, 
the power flow over the line is unaffected. 

On the other hand, if line voltage £’, decreases, 
Ego decreases in proportion. The dc line current is 
unaffected, but, because Fg9 is smaller than before, 
the dc power is also less. However, the percent 
change in power cannot exceed the percent change 
in ac voltage £>. : 

Next, if a large disturbance occurs on line 1, 
Egai may fall drastically. This produces a new oper- 
ating point, shown in Fig. 31-8. The dc line cur- 
rent decreases suddenly from J, to 2, while the dc 
voltage decreases equally suddenly from Egg to 
Eg1. With a current margin of 10 percent, the drop 
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in current is not excessive. Consequently, the 
power flow is again not affected too much. As 
soon as the disturbance is cleared, the E-/ charac- 
teristics return to the original curves given in Fig. 
31-7a. 

Finally, one of the worst conditions that can 
arise is short-circuit on the dc line. Here again, the 
rectifier supplies a maximum current /, while the 
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Figure 31-9 The short-circuit current at the fault cannot 
exceed 10 percent of the rated line current. 


rectifier draws a maximum current />. Consequent- 
ly, the fault current 
Ip = (1y-J)) 
is only 10 percent of the normal line current (Fig. 
31-9). Fault currents are therefore much smaller 
than on ac transmission lines. In addition, because 
E41 and Ega are close to zero, the power delivered 
to the fault is small. 

It is now clear that the special shape of the /-/ 
characteristics prevents large power fluctuations 
on the line, and limits the short-circuit currents. In 
practice, the actual E-J characteristics differ slight- 
ly from those shown in Fig. 31-7. However, the 
basic principle remains the same. 
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Figure 31-10 a. Bipolar line transmitting power from network 1 to network 2. 


31-8 Bipolar transmission line 


Most dc transmission lines are bipolar. They pos- 
sess a positive line and a negative line and a com- 
mon ground return (Fig. 31-10a). A converter is 
installed at the end of each line, and the line cur- 
rents [g4 and Jyo flow in the directions shown. Con- 
verters 1 and 3 act as rectifiers while converters 2 
and 4 are inverters. Power obviously flows over 
both lines from ac network 1 to ac network 2. The 
ground current is J/g; - /go. It is usually small be- 
Cause we try to maintain equal currents in the pos- 
itive and negative lines. 

The bipolar arrangement has three advantages. 
First, the ground current is small, under normal 
conditions. Consequently, corrosion of under- 
ground pipes, structures, and so forth is minimized. 
Second, the same transmission-line towers can car- 
ry two lines, thus doubling the power, with a rela- 
tively small increase in cost. Third, if one line is 
knocked out of service, the other can continue to 
function, delivering half the normal power bet- 
ween the ac networks. 


31-9 Power reversal 


To reverse power flow in a bipolar line, we change 
the firing angles, so that all the rectifiers become 
inverters and vice versa. This reverses the polarity 
of the transmission lines, but the line currents [g4 


and [yz continue to flow in the same direction as 
before (Fig. 31-10b). 


31-10 Components of a dc transmission line 


In order to function properly, a dc transmission 
system must have auxiliary components, in addi- 
tion to the basic converters. Referring to Fig. 
31-11, the most important components are: 
1. dc line inductors (L) 
. harmonic filters on the dc side (Fagg) 
. converter transformers (T) 
. reactive power source (Q) 
. harmonic filters on the ac side (Fac) 
microwave communications link between the 
converter stations 
7. ground electrodes (Gd) 

The need for these components is explained in 
the following sections. 


Ooh WKN 


31-11 Direct current inductors 
and harmonic filters 


Voltage harmonics are produced on the dc side of 
both the rectifier and inverter (Sec. 23-9). They 
give rise to 6th and 12th harmonic currents, and 
such currents, if allowed to flow over the dc line, 
could produce serious noise on neighboring tele- 
phone lines. Consequently, filters are required to 
prevent the currents from flowing over the line. 
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Figure 31-10 b. Power reversal is obtained by reversing the line polarities. 


The filters consist of two inductors LZ and a shunt 
filter Fyc. The latter is composed of two series LC 
circuits, each tuned to respectively short-circuit 
the 6th and 12th harmonic currents to ground. 

The inductors ZL also prevent the dc line current 
from increasing too rapidly if a line fault should 
occur. This enables the thyristors to establish con- 
trol before the current becomes too large to han- 
dle electronically. 


31-12 Converter transformers 


The basic purpose of the converter transformer is 


to transform the network voltage £1 to yield the 
ac voltage £, required by the converter. Three- 
phase transformers, connected in either wye-wye 
or wye-delta, are used. A tertiary winding (Sec. 
13-5) is often added to supply local power needs. 
It may also be designed for direct connection to a 
source of reactive power (Q). 

As we have seen, the dc line voltage Fy is kept 
essentially constant from no-load to full-load. Fur- 
thermore, to reduce the reactive power absorbed 
by the converters, firing angles a and B should be 
kept small. This means that the ratio between ac 
voltage input and dc voltage output of the convert- 
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Figure 31-11 Schematic diagram showing some of the more important components ofa 


HVDC transmission system. 
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ers is essentially fixed. Because Ey is constant, it 
follows that £, must also be constant. 

Unfortunately, the network voltage 41.4 may 
vary significantly throughout the day. Consequent- 
ly, the converter transformers on the rectifier side 
must be equipped with taps so that the variable 
input voltage 41.4 will give a reasonably constant 
output voltage 4}. The taps are switched automati- 
cally by a motorized tap changer whenever the 
network voltage EL, changes for a significant 
length of time. For the same reasons, taps are 
needed on the converter transformers on the in- 
verter side. 


31-13 Reactive power source 


The reactive power absorbed by the converters 
must be supplied by the ac network or by a local 
reactive power source. Because the active power 
transmitted varies throughout the day, the reactive 
source must also be varied. Consequently, either 
variable static capacitors or a synchronous capaci- 
tor are required (Sec. 20-10). 


31-14 Harmonic filters on the ac side 


Three-phase 6-pulse converters produce 5th, 7th, 
11th, 13th (and higher) current harmonics on the 
ac side. These harmonics are a direct result of the 
choppy current waveforms (Sec. 23-29). Again for 
reasons of telephone interference, these currents 
must not be allowed to flow over the ac lines (Sec. 
23-8). Consequently, they are bypassed through 
low-impedance filters Fa- connected between the 
three-phase lines. The filters for each frequency 
are connected in wye, and the neutral point is 
grounded. On a 60 Hz network, each 3-phase filter 
is composed of a set of series-resonant LC circuits 
respectively tuned to 300, 420, 660, and 780 Hz. 


31-15 Communications link 
In order to control the converters at both ends of 


the line, a communications link between them is 
essential. For example, to maintain the current 


margin AJ (Fig. 31-7), the inverter at one end of 
the line must “know” what the rectifier current 
setting /; is. This information must continually be 
relayed by a high-speed communications link be- 
tween the two converters. 


31-16 Ground electrode 


Particular attention is paid to the ground electrode 
at each end of the dc line. Direct currents in the 
ground are much more corrosive than ac currents. 
Consequently, the actual ground electrode is usual- 
ly situated several kilometers from the converter 
station, to ensure that dc leakage currents create 
no local problem. The dc ground wire between the 
station and the actual grounding site is either pole- 
mounted or enclosed in a shielding cable. At the 
site, special means are used to minimize electrode 
resistance. This is particularly important in mono- 
polar systems. In such installations, the ground 
current may be several hundred amperes, and the 
heat generated may eventually dry out the ground- 
ing bed, causing the ground resistance to increase. 

The best grounds are obtained next to, or in, 
large bodies of water. But even in this case, elabo- 
rate grounding methods must be used. 


31-17 Typical converter station 


Figure 31-12 shows the elementary circuit diagram 
of a typical monopolar inverter station. The in- 
coming dc line operates at 150 kV, and power is 
fed into a 230 kV, 3-phase, 60 Hz power line. Two 
smoothing inductors, each having an inductance of 
0.5 H, are connected in series with the dc line. The 
two LC filters effectively short-circuit the 6th and 
12th harmonic voltages generated on the dc side of 
the converter. The 992 and 11 Q resistors make 
the filters less sensitive to slight frequence changes. 

Three single-phase transformers connected wye- 
wye (with a tertiary winding) are connected to the 
ac side of the converter. A 160 Mvar synchronous 
capacitor, connected to the tertiary winding, pro- 
vides the reactive power for the converter. 

Filters for the 5th, 7th, 11th, and 13th harmon- 


group of 3 single-phase transformers. 
323 MVA, 230 kV/127 kV/17 kV 









230 kV 3PH 


synchronous capacitor 
160 Mvar, 17 kV 
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Figure 31-12 Simplified circuit of a 150 kV, 1800 A inverter. See components illustrated in Figs. 31-13 to 31-18. 


ic Currents are connected between the three ac 


Figure 31-13 through 31-17 give us an idea of 


lines and neutral of the 230 kV system. As pre- the size of these various components, and of the 
viously explained, the filters shunt the ac harmon- immense switchyard needed to accommodate 
ic currents so that they do not enter the 230 kV them. 

line. 





Figure 31-13 


These 12 single-phase harmonic 
filters at an inverter station are 
tuned for 300Hz, 420Hz, 
660 Hz and 780Hz. They are 
connected between the three lines 
and neutral of the outgoing 
230 kV, 60 Hz transmission line. 
The filter in the foreground is 
tuned to 720 Hz. It is series-circuit 
composed of a 22 resistor, a 
group of capacitors having a total 
capacitance of 0.938 wF and an 
oil-filled inductor of 44.4 mH. 
The 720 Hz reactive power asso- 
ciated with the LC circuit amounts 
to 18.8 Mvar. (GEC Power Engi- 
neering Limited, England) 
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Figure 31-14 Three-phase converter transformer bank 
rated 230 kV/127 kV/17 kV composed of 3 
single-phase transformers each _ rated 
323 MVA. (Manitoba Hydro) 





Figure 31-16 Three-phase 6-pulse inverter rated 270 MW, 
150 kV. It is insulated from ground by 
means of 4 porcelain columns; it corre- 


sponds to inverter 2 in Fig. 31-12. (Manitoba 
Hydro) 





Figure 31-15 View of one 0.5 H smoothing inductor on 
the 450 kV dc side of the inverter station. 
The second inductor can be seen in the dis- 
tance (lower right - hand corner). The space 
between the two units permits installing the 
filters on the dc side. (Manitoba Hydro) Figure 31-17 Partial 





view of the refrigeration unit 
needed to cool the inverters. (Manitoba 
Hydro) 


primaries — tertiaries secondaries 


Fe Fe GS 


‘inver 


127 kV 





230 kV 
3-phase 
line 


ter. 





af 








HVDC TRANSMISSION 661 


1800 A 
450kv 0.9H 0.5H acorde 
line 
@ | @ 
| 
| 
| 
+300 kV | 
| 
| 
® | 
| 
eS 
| | 
+300 kV | | 
| filters | 
Bee 3 450 kV (d.c.) 
| | 
+150kv | 


@ 


+150 kV 


Figure 31-18 Schematic diagram of one pole of a + 450 kV inverter sta- 
tion. It consists of three 150 kV inverters connected in series 


on the dc side. 
31-18 Cascaded converter station 


In some bipolar lines, the converters are cascaded 
(connected in series) to produce a higher dc volt- 
age. Figure 31-18 shows how three 150 kV con- 
verters are cascaded to produce a 450 kV dc out- 
put. The dc sides are connected in series, while the 
ac sides are essentially connected in parallel to the 
3-phase line. This means that converter 2 (and its 
transformer) functions at a dc potential of 150 kV 


above ground. Converter 1 (and its transformer) 
operates at an even higher dc potential of 300 kV. 
As a result, these converters have to be mounted 
on insulating columns (Fig. 31-16). 

Note that only the 127 kV secondary windings 
of converter transformers 1 and 2 operate at dc 
potentials of 150 kV and 300 kV respectively. The 
windings must be especially well insulated to with- 
stand these dc voltages, in addition to the 127 kV 
ac voltage. 
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The 127 kV windings of transformer No. 1 are 
wye-connected, while those of transformer No. 2 
are delta-connected. This produces a 30° phase 
shift in the voltages and currents on the 127 kV 
side. The result is that the 5th and 7th harmonics 
tend to cancel each other and do not therefore ap- 
pear in the 230 kV line. Consequently, the filter- 
ing equipment for these frequencies is substantial- 
ly reduced. 


31-19 Typical installations 


Power transmission by direct current is being used 
in many parts of the world. It will no doubt grow 
in importance as the reliability, soeed and versatili- 
ty of power converters is realized. The following 
installations give the reader an idea of the various 
types of systems that have been built, and the par- 
ticular problem they were designed to solve. 


1. Schenectady. Of historical interest is the 17 
mile, 5.25 MW, 30 kV transmission line installed 
between Mechanicville and Schenectady, New 
York, in 1936. Using mercury arc converters, it 
tied together a 40 Hz and 60 Hz system. 


2. Gotland. The first important dc transmission 
line was installed in Sweden, in 1954. It connected 
the Island of Gotland (in the middle of the Baltic 
Sea) to the mainland, by a 96 km submarine cable. 
The single-conductor cable operates at 100 kV and 
transmits 20 MW. The ground current returns by 
the sea. 


3. English Channel. In 1961, a bipolar submarine 
link was laid in the English Channel between 
England and France. Two cables, one operating at 
+ 100 kV and the other at - 100 kV, laid side by 
side, together carry 160 MW of power in one direc- 
tion or the other. The power exchange between 
the two countries was found to be economical be- 
cause the time zones are different, and conse- 
quently, the system peaks do not occur at the 
same time. Furthermore, France has excess hydro 
generating capacity during the spring, thus making 


the export of power attractive. 


4. Pacific Intertie. In 1970, a bipolar link oper- 
ating at + 400 kV was installed between the Dalles, 
Oregon, and Los Angeles, California. The overhead 
line transmits a total of 1440 MW over a distance 
of 1370 km. Power can be made to flow in either 
direction, depending upon the requirements of the 
respective NW and SW regions. The dc link also 
helps stabilize the 3-phase ac transmission system 
connecting the two regions. 


9. Nelson River. The hydropower generated by 
the Nelson River, situated 890 km north of Winni- 
peg, Canada, is transmitted by means of two bi- 
polar lines operating at +450 kV. Each bipolar 
line carries 1620 MW, which is converted and fed 
into the ac system near Winnipeg. According to 
studies made, it was slightly more economical to 
transmit power by dc rather than by ac over this 
considerable distance. 


6. Eel River. The converter station at Eel River, 
Canada, provides an asynchronous intertie bet- 
ween the 230 kV electrical systems of Quebec and 
New Brunswick. Although both systems operate at 
a nominal frequency. of 60 Hz, it was not feasible 
to connect them directly, owing to stability con- 
siderations. In this application, the dc ‘‘transmis- 
sion line’ is only a few meters long, representing 
the length of the conductors needed to connect 
the rectifiers and inverters. Power may flow in 
either direction, up to a maximum of 320 MW 
(See Fig. 31-20). 


7. CU Project. The power output of a generating 
station situated next to the lignite coal mines near 
Underwood, North Dakota, is converted to dc and 
transmitted 436 miles eastwards to a terminal near 
Minneapolis, Minnesota, where it is reconverted to 
ac. The bipolar line transmits 1000 MW at 1250 A, 
£400 kV. A metallic ground return is provided, in 
the event that one line should be out for a pro- 
longed period (see Fig. 31-21). 


8. EPRI Compact Substation. This project aims at 
compacting HVDC converter stations so they may 
be installed in dense metropolitan areas where land 
costs are high. All components are gas insulated 
with SF. and the thyristors are cooled with liquid 
freon. This Electric Power Research Institute de- 
velopment project is located in Queen’s,. New York 
(Fig. 31-22). It provides a bipolar de link having a 


Figure 31-19 


This converter station and switchyard at Eel 
River connects the ac networks of Quebec and 
New Brunswick by means of a dc link. The rec- 
tifier and inverter are both housed in the large 
building in the center. It pioneered the com- 
mercial use of solid-state thyristors in HVDC 
applications. (New Brunswick Electric Power 
Commission) 


Figure 31-20 


View of one 6-pulse thyristor valve housed in 
its rectangular steel cubicle. It is fed by a 3- 
phase converter transformer and yields an out- 
put of 2000 A at 40 kV. The hundreds of indi- 
vidual thyristors it contains are triggered by a 
reliable, interference-free fiber-optic control 
system. 

Eight such cubicles, together with three syn- 
chronous capacitors and four converter trans- 
formers make up the entire converter terminal. 
(General Electric) 
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capacity of 100 MW at +50 kV. It connects two 
large Consolidated Edison substations that are 
about 700 m apart. The input and output ac feed- 
ers are composed of two 138kV underground 
cables. Their shunt capacitance is so large that no 
ac filters are needed and it also furnishes all the re- 
active power absorbed by the converters. 
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Figure 31-21 Simplified schematic diagram of the bipolar HVDC transmission system delivering 1000 MW over a distance 
of 702 km. The output from two 500 MW turboalternators is stepped up to 230 kV and transmitted to the 
Coal Creek Terminal where the power is converted to dc. The on-load tap-changing converter transformers 
TCC are connected wye-wye and wye-delta for 12-pulse converter operation. 

The 0.4 H smoothing inductors are in series with the grounded lines, thus significantly reducing the insula- 
tion requirements. The dc filters Fdc, each composed of a 48.8 mH inductor in series with a 1 MF capacitor 
bank, prevent the 12th harmonic voltage from reaching the dc lines. 

The positive and negative lines consist of two bundled conductors. The dc grounds are situated at 10.3 km 
and 20 km from the respective terminals. Under normal conditions the line currents are controlled automati- 
cally so that the ground current is 20 A or less. However, if one pole is out of service for short periods, the 
ground current can be as high as 1375 A. 

The 12-pulse inverter station (Dickinson Terminal) feeds into a 345 kV, 60 Hz system, and tap-changing 
converter transformers TD are used to regulate the inverter voltage level. 

The control system is arranged to operate each terminal unmanned from a control center located in 


Minnesota. 
QUESTIONS AND PROBLEMS a. Calculate the approximate value of the 
secondary ac line voltage of the converter 
Practical level transformer. 
b. What is the effective value of the second- 
31-1 Give three examples where dc power trans- ary line current? 
mission is particularly useful. 31-6 The bipolar line shown in Fig. 31-10a oper- 
31-2 Name the principal components making up a ates at a potential of + 150 kV. If the dc line 
dc transmission system. currents are respectively 600 A and 400A, 
31-3 Which harmonics occur on the ac side of a calculate: 
converter? On the de side? a. the power transmitted between the two 
31-4 What is the purpose of the large dc line in- ac networks; 
ductors? b. the value of the ground current. 
31-5 A dc transmission line Operating at 50 kV, 31-7 The transmission line shown in Fig. 31-5 
carries a current of 600 A. The terminal con- possesses a resistance of 10 (2. The rectifier 


tains a single 3-phase, 6-pulse converter. (converter 1) produces a dc voltage of 


ae 
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Figure 31-22 This compact HVDC converter terminal in Queens, New York, is being used to obtain performance, reliabi- 
ty, and operating data for HVDC installations in urban areas. This, prototype. installation will also be used in 
the development of compact cables, filters, and related equipment. (Electric Power Research Institute) 


31-8 


31-9 


102 kV while the inverter generates 96 kV. 

a. Calculate the dc line current and the 
power transmitted to network 2. 

b. If the gates of the inverter are fired a lit- 
tle earlier in the cycle, will the dc line 
current increase or decrease? Explain. 

c. If the inverter gates are fired so that the 
inverter generates 110 kV, will the power 
flow reverse? Explain. 

When a short-circuit occurs on adc line, the 

current in the fault itself is less than the full 

load current. Explain. 

Why is a communications link needed be- 

tween the converter stations of a dc line? 


Intermediate level 


31-10 The converters shown in Fig. 31-2 are iden- 
tical 3-phase 6-pulse units, producing a volt- 
age Eq of 50 kV and a current Jy of 1200 A. 
a. Calculate the dc current per valve (bridge 

arm). 
b. What is the approximate peak inverse 
voltage across each valve? 

31-11 Referring to Section 31-19, part 4, calcu- 
late the line current per pole on the Pacific 
Intertie, and estimate the total reactive pow- 
er absorbed by each converter station. 

31-12 The ground electrode of a bipolar convert- 
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er station is located 15 km from the station, 
and possesses a ground resistance of 0.5 Q. 
If the line currents in each pole are respec- 
tively 1700 A and 1400A, calculate the 
power loss at the electrode. 


31-13 Referring to Fig. 31-11, it is given that 


Eqa = 450 kV, Ig = 1800 A and the two de 
smoothing inductors £ each have an induc- 
tance of 0.5 H. If a short-circuit occurs be- 
tween line and ground close to the rectifier 
station, calculate the magnitude of the recti- 
fier current after 5ms, assuming the gate 
triggering remains unaltered. 


31-14 Each pole of the bipolar Nelson project 


(Fig. 31-18) is composed of two conductors 

(2-conductor bundle) of ACSR cable. Each 

conductor is composed of 72 strands of alu- 

minum (diameter 0.16 in) and a central 7- 

strand (diameter 0.1067 in) steel core. Each 

2-conductor bundle carries a nominal cur- 

rent of 1800 A over a distance of 550 miles. 

The voltage at the rectifier terminal is 

450 kV. Neglecting the presence of the steel 

core, calculate: 

a. the effective cross section of the 2- 
conductor bundle [in7] ; 

b. the line resistance of the 2-conductor 
bundle at a temperature of 20°C; 

c. the corresponding /7R loss: 

d. the dc voltage at the inverter terminal; 

e. the efficiency of the line (neglecting co- 
rona losses). 


Advanced [evel 


31-15 


31-16 


31-17 


Referring to Fig. 31-12, calculate: 

a. the resonant frequency of the two dc 
filters; 

b. the value of the respective series imped- 
ances. 

c. What is the dc voltage across the capaci- 
tors? 

a. In Problem 31-15, if the sixth harmonic 
voltage generated on the dc side of the 
inverter is 20 kV, calculate the value of 
the corresponding harmonic current. 

b. Calculate the value of the harmonic 
voltage across the 0.5 H inductor. 

c. What is the value of the 360 Hz voltage 
at the input to the second 0.5 H line in- 
ductor? 

In a dc transmission system, the rectifier 
and inverter stations have the typical &£-/ 
characteristics given in Figure 31-6. The ac 
line voltage at the inverter is 68 kV and the 
firing angle B is 28°. The dc transmission line 
possesses a resistance of 2 {2 and carries a 
current of 1200A. If the ac line voltage at 
the rectifier station is 75 kV, calculate: 

a. firing angle a; 

b. the reactive power absorbed by the recti- 
fier station. 

c. Would a tap-changing converter trans- 
former be useful in this case? Explain. 
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APPENDIX 


The conversion charts listed in this Appendix make 
it very easy to convert from one unit to any other. 
Their use is explained in Chapter 1, Section 10. 

Quantities such as AREA, MASS, VOLUME, 
and so forth, are listed in alphabetical order for 
quick reference. Multipliers between units are 
either exact, or accurate to + 0.1 percent. 


APPENDIX 673 


Examples at the bottom of each page are in- 
tended to assist the reader in applying the conver- 
sion rule which basically states: 


WITH THE ARROW — MULTIPLY 


AGAINST THE ARROW — DIVIDE 


Conversion charts adapted and reproduced with permission. Copyright © 1971, 1973 by. Volta Inc.; copyright 1978 by 


Sperika Enterprises Ltd. All rights reserved. 
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MULTIPLES AND 
SUB-MULTIPLES OF 


SI UNITS 
1000 
1000 
1000 
1000 
1000 
10 
1000 10 
10 
UNIT 1 
10 3 
1000 10 
10 
1000 
1000 
1000. 
11000 
femto | f 
1000 


AREA 
[squaremile 
2.59 
square kilometer km? 
100 
10° 2.47 | 
fare CCidC 
4047 
square meter m2 
10.76 
104 144 
[squareinch 
6.4516 
square centimeter cm? 
100 
square millimeter mm? 
1.97 
MCM kemil 





square micrometer 


CONDUCTANCE 


DENSITY 


pound per cubic inch 


27.68 


tonne per cubic meter t/m? 
1 
gram per cubic centimeter g/cm? 


1 

















Example: Convert 1590 MCM to square inches. 
Solution: 1590 MCM = 1590 (+ 1.97) (+ 100) (+ 6.4516) in? = 1.25 in?. 


ELECTRIC CHARGE 


ampere-hour Ah 
3600 


1018 











aC 





attacoulomb 


charge on an electron 


ENERGY 


kilotonne TNT 


1.167 x 10° 


kilowatt hour kW-h 


watt-second 


6.24 x 1038 
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FORCE MAGNETIC FIELD INTENSITY MASS 






kilogram force kgf 











Ibf 9.806 


[newton NT 


pound force 


FLOW 


cubic meter per second 















| 3.785 


cubic decimeter per second dm?/s 


1 


liter per second 
















ampere-turn per inch 


39.37 


ampere per meter A/m 


MAGNETIC FLUX 
weber Wb 


10° 









MAGNETIC FLUX DENSITY 

















1 


ton (2000 Ib) 
907 











MOMENT OF INERTIA 


| 35.3 
6.23 / 100 
23:73 
1.201 1 
4.55 


ounce force inch second” Oz:in-s 
ounce mass inch? oz:-in? 





LENGTH 110 
PRESSURE AND STRESS 
1000 


nanometer nm 


angstrom 













MAGNETOMOTIVE FORCE 










ampere-turn 


1.257 

















9.81- 
15.5 10 
[aes 


1.02 


1000 kgf/cm? 
pound per square inch (psi) 





t 
newton per square meter 






Example: Convert 580 psi to megapascals. 
Solution: 580 psi = 580 (x 6.89) (+ 1000) MPa = 4 MPa. 
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POWER 
megawatt MW 







kilowatt kW 








1.34 


horsepower hp 
calorie per second 


1000 


1 


| Joule per second 


1 
newton-meter per second 


foot-pound force per minute 


milliwatt mW 





RESISTIVITY 


exaohm-meter ExQQ:-m 


1018 


100 
ohm-centimeter 












microhm-centimeter 


nanohm-meter n&2-m 


SPEED 
2.237 












mile per hour 


1.467 


foot per second 


kilometer per hour km/h 
27.8 






centimeter per second 
1.97 
foot per minute 





TEMPERATURE 
x1.8 +273 
+32 


degree Fahrenheit °F 


Examples: 100°C = 100+ 273 = 373 kelvins 
68°F = (68-32) + 1.8 = 20°C 


MASS 









kilogram (mass) 


pound (mass) 


TORQUE 


pound force foot 
1.356 


newton-meter N-m 


8.851 


pound force inch 


ft-Ib 

















millinewton-meter 


VOLUME 
cubic meter m? 
1.308 
27 
1000 6.23 
1.201 
4.546 
3.785 
cubic decimeter dm? 
1 
liter L 
1000 61.02 
fcubicinch 
16.4 
cubic centimeter cm? 
1 
milliliter mL 


FORCE OF GRAVITY 


kilogram (force) 


9.806 


pound (force) 


Example: Calculate the force of gravity (in newtons) that acts on a mass of 9 Ib. 
Solution: 9 \lbm—9Q (x 1) (x 4.448) N = 40N. 


ANSWERS TO PROBLEMS 677 


Note: The following numerical answers are usually rounded off to an accuracy of + 1%. Answers that are 


preceded by the symbol © are accurate to + 5%, 


CHAPTER 1. 7) MW- 8) TJ 9) mP~ 10) kHz 11) GJ 


12) mA 13) mWb-~ 14) cm 15) L = 16) mg 17) ps 

18) mK 19) mrad 21) mT 22) mm 23) r 24) MQ 
25) MP 26) ms 27) pF 28) kV. 29) MA 30) kA 

31) km 32) nm 33) mL 34) L/s or m3/s_ 35) Hz 

36) radian, (rad) 37) weber, (Wb) 38) kg/m? 39) watt, (W) 
40) kelvin (K) or °C 41) kg 62) 11.95 yd2 63): 126.9 mm2 
64) 2.549 in? 65) 6.591mm?_ 66) 2.59 km2 67) 76.77 Btu/s 
68) 0.746kW 69) 7.079 m? ~=70) 13.56 x 108 yJ 

71) 4.536 kgf 72) 0.93J 73) 12kilogauss 74) 1.417kg 

75) 6049.6 A/m 76) 3.107mile 77) 288000C 78) 111.2N 
79) 11.34kg 80) 6614Ib 81) 0.001Wb 82) 8304 kg/m® 
83) 67.7 mbar 84) 1.378x10°Pa 985) 482.3x103N/m 

86) 1.57 rad/s 87) 393K 88) 366.3K 989) 120°C 
CHAPTER 2. 2a) Eyg=-80V 2b) Enx,=+80V_ 2c) E,, =0 
3) +20V, OV, -30V, +30V 6) 20V 7) 480V, 100 Hz: 
120 V, 25 Hz; 480V,50Hz 8) 30V 9) 1.8V_ 11) 320, 160, 
112. 12) 480kA/m 13a) 960N  13b) 960N 

CHAPTER 3. 1) 392N 2) 735N, 2940J 4) GON-m 

5) 336hp 6) 14.5hp 7a) 134hp 7b) 83.3% 

7c) 68256 Btu/h_ 8) 415.7J 9a) 1096J, 4384J 9b) 3288) 
Qc) 242kJ 11c) 50N-m 13) zero. 14) 209W 15) 209W 
16) 15.54N-m, 2.53hp 17a) 13.1N-m  17b) 88.8kJ 

17c) 2195W 17d) 2400W 18a) 1222N-m  18b) 1332. N-m 
19a) 475N-m 19b) 4455N 20) 3.04MJ_ 21) 7.68MJ 

22) 239 r/min 23) 47.8r/min, 1156 ft-lb 

CHAPTER 4. 8) 180°C 12) 1year 13) 32 years 

14) 560V 15a) 300kV.~—s-‘115b) 75kV~~-'15c) 5kV.—s' 16) 7mm 
20) 750kV = 21a) 30kA, 6x 10°MW_~_- 21b) 47.5h . 

22) 1.94°C 23) 216°C 

CHAPTER 5. 14) No.9 15) No.10 16) 1.772 

17) 254mm2 ~=18) 25% 19) No.4 21) 296 cmil 

22) 7.39km, 21.3kg 23) 4.8cmil, 1.6cmil 24) 35Q 

25a) 1.332 25b) 19.1kW 26) 3.6592 27) 0.17N, 1.07N 
28) 2.22 MW, 13.2MW, 10.3MW 29) 2002 30) 13.3 kN, 
83.6kN 31) 86.1°C 32) 1002 33a) 1.63mm 

33b) 51.5kW 34) 424A 

CHAPTER 6. 1a) 4800 1b) 336 4) 333000, 10000, 10 
6) 0.51J 7) 2228Btu/h 8) 980W_ 9) 2000W, 250W 


10) 44 =‘ 11) 
13b) 2 mWb 
14c) 40 kJ/m3 
17b) 4.5 in2 


20 loops per second 12) 315 J 13a) 2000A 
13c) 2) 14a) 18kJ/m? 14b) 36 kJ/m? 

15a) 203A  15b) 264A 17a) 2.5in 
17c) 11.25in? 18a) 0.17T 18b) 22 in? 


CHAPTER /7. 1b) 31.3V, 141V, - 200 V 
3a) 12A 3b) 169.7 V 3c) 1440 W 3d) 2880 W 4) 23 Hz 
5) 36°, 1.67ms 6a) I, lags 1, by 60° — 6b) ‘1, lags I, by 90° 

6c) E lags I, by 150° 7a) 7A 7b) 6.7A 7c) 4.36A 

7d) 4.36A 8a) I, lags behind I, by 128° 8b) I, leads Ib 26° 

Bc) I, leads 1, 173.4° 8d) Ip leads |, 6.6° 9a) 5.66 V at + 45° 
9b) 16.5 V at + 76° 9c) 46.8 V at + 160° 9d) 16 V at - 90° 


2) 70.7 V 


10a) 12V-s 10b) 3A, 6A 11b) 2400W ~~ 12) 7.07A 

13a) 120 V 13b) 72.1V 14a) 3200J 14b) OW, 3200 J 
CHAPTER 8. 2) 100kVA_ 6) 64.3% £7) 667kVA, 291 kvar 
8) 4.34kvar 9a) 1440W 9b) 1440VA 9c) 2880 W 

9d) 1/120s 10a) 1440 var 10b) 1440VA 10c) 1440 W 
10d) 1440 W 10e) 1/240 s 11a) A is an active source 


11b) C is the active source 11c) F is the reactive source 
11d) J is the reactive source 11e) K is the active source 
11f) Mis the reactive source 12) 7.2A, 9.6A, 12A_ 13) 2665 var 


14a) 2765W += 14b) 745 var 14c) 2864var 14d) 119A 
14e) 96.5% 15a) 3.71.2 15b) 6.32 22 15c) 12.16 Q 
16a) 320 kW 16b) 240 kvar 17a) 1200 W 17b) 500 var 
17c) 1300 VA 17d) 0,923 18a) 2kW 18b) zero 


19) 900 var 20a) 2765W 20b) 3512VA  20c) 0.787 
21a) 3845 var 21b) 4000var 21c) 769W 21d) 784.5 VA 
22a) 102V = 22b) 20.492 23a) 519.6 W and 300 var, both’ 


flowing from BtoA 23b) 519.6 W from D toC, 300 var from C to D 
CHAPTER 9. 1) 4157 V 
2b) +, O, +, +, - 

3) yes 4a) 358V 
5b) 13.2 kV 
6) a-b-c 

10) single-phase 


2a) 100, 0, 50, 50, 86.6 V 
2c) +50, - 86.6, - 100, +50, +86.6 V 
4b) 23.87 A 4c) 25.6kW 5a) 694A 
5c) 9.16 MW 5d) 27.5 MW 5e) 192 
7) 26kVA 8) 120 V 9a) 13 kW 9b) 6.5 kW 
11a) 41.6A 11b) 41.6A 11c) 2.89 Q 
12a) 160 2 12b) 480 2 13) 0.9 Q 14) 8Q 15a) 89.5% 
15b) 62.3 kVA 15c) 37.2 kvar 15d) 80.2% 16a) 14.6 kW, 
7.78 kvar, 16.5 kVA 16b) 270 V 17a) XZY 18a) 5A 
18b) 19.9 kvar 19) lampconnected toZ 20) 20kW 
21a) 18A 21b) 130A 21c) 72.1A 22) 18.3A 
23a) 4.63 22, 3.44 Q 23b) 36.7° 24a) 9.6 2 24b) 7.72 2, 
5.79 22 


CHAPTER 10. 
9a) 6097 VA 
10c) 64 kW-h 
14b) 88.4A 
17c) 111V, OV 
1 percent high 


2) 1190 
9b) 82% 
11) 1800 W 
16) 0.9mA 

18) 27.8 V 
20) no change 


7) 63.2% 
10a) 21.32 kW 
13) +5.6kW-h 
17a) 67 450 Q 
19) 10 r/min 


8) 0.29 hp 
10b) 24.3 hp 

14a) 15.5% 
17b) 50 V 

20a) meter reads 


CHAPTER 177. 11) 120V 12) 60kV~ 13a) 110.4 V 

13b) 0.353 A, 22.08A 14) 2.42 kW, 11A, 22A 

15) 50A, 1250A 16) 1.88mWb 18a) 360 V 

18b) 2.25mWb 18c) 0.9mWb = 19a) zero 19b) 520 V 

19c) additive 20a) short-circuit 23a) 720 23b) 0.115 Q 
24a) 126.4V 24b) 95A,5.22A 25a) 466.9kW 25b) 99.1% 
27) 9mWb-~ 29a) 84.122 29b) 3.04% 29c) 23.36 mQ 

29d) 3.04% 29e) 976W 29f) 1.3%, 2.75% 30a) 1.922, 
36.682 30b) 453.682 30c) 8.4% 31) 99.08% 32) 19.4t 
33a) 28.9W/kg  33b) 156 W/kg 


CHAPTER 72. 5) 300 turns 
8) H1- X2 or H2- X1 together 
11a) 0.45V 11b) 2.25mV 


6) 0.2V 7) 1300kVA 
9) 92kVA - 10) 13 mA 
11c) 250 A/5A 


CHAPTER 13. 2a) 20.8A, 433A 2b) 20.8A, 250A 
3) 1506 A, 65kA 4) 17.7kA, 2175A 5a) 1278 A 
6a) delta-delta 6b) 577A,48.1A 6c) 333A, 27.8A 
7a) 236kVA 7b) 1.89kV 8a) no 8b) 433 kVA 
9a) 347, 600, 347 V 


5b) yes - 


CHAPTER 14. 9a) 103V 9b) 288W Qc) 10.4N-m 

10a) 138 V 10b) polarity reverses 10c) voltage increases by less 
than 10% 11a) 5000A #11b) 7800A 12) 2A 13) A=OV, 
B=18V, C=0V_ 14) at 90° E, = 20V, at 120°E, = 18V 

16) 276.5 V 17a) 12 brush sets, 150 A 19) Eyy is (+) 

20a) Ez, is(-) 21a) 292V 21b) 0.436T 21c) 530 us 


22) 1.67 mV 


CHAPTER 15. Qa) 221V 9b) 13.8kW 9c) 13.26 kW, 
17.8hp 10a) 1533 A 10b) 1.85892 11a) 2975A 

11b) 2400 A 12) 144V, 9.6V 13a) 11.7 kW, 94% 

13b) 10A = 13c) 8mMQ, 223V = 14a) 0.482 8 14b) 30 kW, 
1.9kW, OkW — 15a) 0.9622 15b) 45 kW, 8.43 kW, OkW 

16a) 17.8kg-m2 16b) 140kJ 16c) 70kJ 19) 2113 ft-lb, 0; 


2113 ft-lb, 1056 ft-lb 20) 50 hp, 180 r/min 


CHAPTER 16. 7) 131.4 kW, 547A 8) 22.8 hp 9) 882A 
10a) 28°C 10b) 88°C too hot 12) 82.9% 13) 10.4 kW, 
14hp 14) <155°C, < 145°C, <129°C — 15a) 139°C 

15b) 108°C 16a) 133°C 16b) 105°C 17a) 2.28 A/mm2 
17b) 13.4 W/kg 18a) 58.9 W/kg 18b) 985 cmil/A 
19) 26.2 kW, 35h 20a) 60 Hz 20b) ~ 400 W 
22) 67% : 


21) + 384h 
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CHAPTER 177. 10a) 360 r/min 
12) 936 A, 156A, 55A 15a) 600 r/min 
16a) 3 V, 45 Hz 16b) 0.67 V, 10 Hz 16c) 1V, 15 Hz 

17a) 15A, 90A, 5A 17b) 882 r/min, 812 N-m 18) 97.2A 
19a) 120 V, 30 Hz 19b) 60 V, 15 Hz 19c) 960 V, 240 Hz 
20a) -8.66A, +8.66A, 0 20b) 866A 21) 3, slot 1 to slot 8 
22a) 23.56 m/s 22b) 3.3 V 22c) 196.35 mm 23a) 87.9% 
23b) 2298 kW 23c) 34.5 kW 23d) 2251 kW, 30.3 kN-m, 96% 
26) 1500 A, 75N 27) 20N 28) 38 kW 29a) 68.9 mQ, 
4.49 mQ 29b) 1067 V, 40 Hz; 16V, 0.6 Hz 29c) 1035 kvar 
29d) 2.07 kW 29e) 50 kW 30a) 18.6 Mvar 30b) 670 kW 
30c) 1498 kW 30d) zero 30e) 23.8kN-m 31a) 400 V 

31b) 508 mQ, 314 kW 31c) 455A 32) 264.5 mm 

34) 100 mm, 120 kW 


10b) no 10c) 20 
15b) 564 r/min 


CHAPTER 78. 10) 78% 12a) 2.25kW or 3hp 
56 13) 438, 280, 315 ft-lb; zero, 675, 765 r/min 
14b) 586 r/min 14c) 222.4 kW 14d) 5.3 kW 
15b) 54kW = 15c) 41.2 kvar 15d) 75.4A 
16a) 1109 A 16b) 434kW ~~ 16c) 90.2 kW 
83.5 kKN-m 16e) 43.3 kKN-m 17) 4.7°C 18a) 39.45 

18b) 105000 Btu. 19a) 456V, 1740 r/min 19b) ~ 16 hp 

20a) design D 20b) same = 21a) 54.5mQ 21b) 2.23 Q 

22a) ~1100N-m 22b) 11.4kg-m2 23) 270kJ 24a) 795 kg, 
1509 Ib-ft2 24b) 810 r/min, 260 ft-lb 24c) 675 ft-lb 

25a) 916N-m 25b) 1.3s 25c) 11.3kJ 25d) 6.75 

26a) 134r/min 26b) 11:1 26c) 358A 26d) 50t 

26e) 728 MJ 26f) 39 min 26g) 91 kW-h 


12b) 54 or 
14a) 3.8 kW 
15a) 140 Hz 
15e) 100 hp 
16d) 5212 A, 


CHAPTER 19. 3a) 20poles 3b) 360 r/min 
7) 4 9a) 7500V, 50Hz 9Y9b) 37.5V, 0.25 Hz 


6) 12 poles 
12a) 150A 


12b) 50A 13) 2400V  14b) 353, 600, 750, 600, OkW 
15) 807 mm__—sw' 16a) 145Q2 = 16b) 19202 = 16c) 144.2 
16d) 10A 16e) 1750V  16f) 3031V 16g) 57.6 kW 
16h) 36.9° 17a) 16kV  17b) 250A 18a) 44.56° 
18b) 2.475° 18c) 7.87in 19a) 0.4592 19b) 0.412 Q 
19c) 0.916 19d) 1.09 20a) 8130kW 20b) 720 kW 


20c) 24.23 MN-m 20d) 22.7°C 21) 0.409 T 22a) 126 MW 
22c) 85.7% leading 23a) 228.5 MW 23b) 7230A 
24) delivers 63.3 Mvar to the bus 25a) 236 r/min 
1944° 


25b) 108°, 


CHAPTER 20. 
9c) 956 kvar 9d) 32 poles 
12) 500r/min 14a) 36.9° 14b) 2.16MW _  14c) 100% 
14d) zero. 15a) 300A, zerodegrees 15d) 720 kvar delivered 
17a) 3457kVA 17b) 289 A 17c) 5889 V 17d) 1.44° 
17e) 1569 kvar 17f) 9150hp 18a) 4741V  18b) 32.8° 
19a) 14.6 Q, 1594 kV 19b) 6807 ft-Ib 19c) 142A 

20a) 4269 kW, 45.3 kN-m 20b) 1704 kW, 36.2 kN-m 

20c) 40.7kKN-m 20d) ~ 83s 


7) 2300hp Qa) 2217kVA_~ 9b) 90.2% 
11a) 333A 11b) 322 


CHAPTER 27. 9a) 14A, 14A 9b) 33.8° 9c) 26.8A 

9d) 70.7% 10a) no 10b) probably not 12a) 50 Hz 

12c) 4.26J 13a) 8mhp~ 13b) 55% 13c) 0.28 

13d) 0.79 p.u., 1.06 p.u. 14a) 4.42 ft-lb  14b) 4.44 p.u. 

14c) zero 14d) 2.5 15a) 157.5V  15b) 93° 16a) 0.577A 
16b) 86.6% lagging 16c) 30W 16d) 37% =~ 17a) 1.9422 

17b) 21.2 A, 84V 17c) 3.2 N-m 


CHAPTER 22. 
16) 28s 


10a) 2 min 10b) 5s 12) 208 days 
17a) 834 ft-lb, 358 ft-lb  17b) 149 ft-lb 


CHAPTER 23. 6a) 1620V 6b) 200A _ 6c) 600A 

7a) 3240 V 7b) 200A 8a) 540 V 8b) 540 V 8c) 18 A 
8d) 9A 8e) 9720 W 9a) 150 V 9b) 3.75A 10) 45 kW 
11a) 0.72kW 11b) 99.96% 12a) negative 12b) increasing 
13a) 36A 13b) 170 V 13c) 65 J 13d) 0.1H 13e) 170 V 
14a) 324V 14b) 243kW  14c) 750A 14d) 5.55 ms 

14e) 612A 14f) zero 14g) 45.4V 15a) 24kW 

15b) 24 kW 15c) 12A 15d) 400A 15e) 300 Hz 

15f) 167 {2 16a) zero 16b) 77.7° 16c) 102.3° 

17a) 14kV 17b) 6.3 MW 17c) 367A 17d) 23.5 Mvar 
18a) 40 kV 18b) - 14.64 kV 18c) 54.6 kV 19) 6.25 mH 


20a) 340 V = 20b) 147° =20c) 30.4A 21) 1/24s 


22a) 3.29V-s 22b) 0.47H 23a) 120A 23b) 48kJ 
23c) 4kW 24a) 120A 24b) 80A 24c) 200A 
24d) 160A 25a) 135.2° 25b) 57.5kW 25c) 57 kvar 


CHAPTER 24. 3) 91Hz 4a) 626V 4b) 169kW 4c) SDA 
4d) 220hp 9a) 30A 9b) 4.29hp 9c) 63.7 N-m 


9d) 56.4 ft-lb 10b) 5Hz 11a) 200V~ 11b) 283 V 

Ile) 2A 12a) 31.3° 12b) 5.1kvar 12c) 28.6A 

12d) 113V 13a) 85° 13b) 16.8kvar 14a) 343A 

14b) 146° 15a) 300V 15b) 315V = 16a) 150A 

16b) 75V 16c) 60V_ 17a) zero 17b) 150A 17c) 15V 
18a) 100.7° 18b) 87.3° 19a) 232A, 240A 19b) 700 V 


20a) 192 V 20b) 250A 22a) 500Hz 22b) - 563 V 
22c) 43.5° 22d) 73.7A 22e) 360Hz 22f) 3000 Hz 
22g) 72.5% 22h) 60A 


CHAPTER 25. la) quadrant 1 1b) quadrant4 2) 6.3hp 

3) 26V, 7.5Hz 4a) 40A 4b) 120A 10a) 18.85 kW 

10b) 11.3kW 10c) 30.15 kW 11a) 1.57, 16, 12.6 kW 

12a) 345V, 45Hz £12b) 633V,82.5Hz 13) 38V, 5Hz 

14a) 307 V,40 Hz 14b) 67.3kJ 14c) 29.9kJ 15b) 29.5 ft-lb 
16) 166V 17a) 20.7W ~ 17b) 36.3W ~~ 18) 184V 

19a) 3600 r/min 19b) 15kW 19c) 337V 19d) 7.622 


20) 325us 21a) 115V, 15Hz 21b) 865A 22) 31.8A 
23) 50V, 15 Hz 


CHAPTER 26. 6a) 37.5A _ 6b) 30h 
7) 12.88V 8) 60,92 11a) 0.75922 11b) 2A 
4 in series and 3 such groups in parallel 13a) 267 ft? 
13b) 1200 A-h 14a) 75W-h 14b) 12.5A-h 14c) 25h 
15a) 20 months 15b) 0.2W-h 17) 210Ib 18a) 12 500 Ib 
18b) 1818 lb 19a) ~6500t 19b) ~10000m? 20) 36%, 
=~ 320V, ~ 700A 


6c) 300A 
12) 12 cells, 


CHAPTER 27. 2) $33.80 5) $1470 7) 4.33 kW 

8) 109 million dollars 9a) 72 kvar, 104 kVA 9b) 75 kW, 

52 kvar 9c) 12.5% 10a) 243 kvar 10b) 34% 11a) $46.64/h 
11b) $4205 12a) 30 cent/kW-h 12b) 2.4 cents 

13) 6.45 cent/kW-h 


11a) 41 200 m?/s 
12) 15.6h 


CHAPTER 28. 7) 1176MW 

11b) 40400 MW 11c) 312 mi? 
50 MW 13b) 80 MW, 30 MW 14a) 5400 MW 
14c) 9364 yd3/s 16a) 5715 tons per day 
perday 6c) 21.6m°%/s_ 17) 0.43 m?/s 


13a) 60 MW, 
14b) 2615 Mvar 

16b) ~ 57 000 tons 

18a) 1.86 x 10! J, 


1.76x10'° Btu 18b) 0.207g 19a) 90.6TW-h 19b) 10.34 GW 
20a) 23.6x 10° Btu 20b) 9.17 tons 20c) 6916 kW-h per ton 

21) 1580 MW 

CHAPTER 29. 7) ~2500 9a) 750A 10a) 5092 MW 


10b) 151.8MW 10c) ~ 3% 11a) 5700 V, 114kW; 4500 V, 
450 kW; 3000 V, 600 kW; 1500 V, 450kW ~~ 13a) 5992 V, 126 kW; 
5692 V, 720 kW; 4243 V, 1200 kW; 1897 V, 720kW 14) 18.4° 
Ep, lags behind Ey 15a) 6577 V, 9000 V-~—_15b) in phase 

16a) 5692 Vs 16b) no~ =—-17a) 240 kvar=—s:‘117b)- - 139.2 A 

17c) 290.6 kvar 17d) 50.6kvar 17e) 802kVA  17f) 5759 V 
17g) 6251V, 868kW 18) 20.3° 19) 4Q, 37.5kQ, 2Q 

21a) 421MW = =21b) 1074 A = 21c) 148.8 Mvar 21d) 74.3 Mvar 
22a) 222, 1002, 150002 22b) 119kV 22c) 45A 

22d) 9Mvar 22e) 34.66kW 23a) 648.5A 


CHAPTER 30. 3) 2pQ2 6) 17.5kQ 8a) 48.8kV 8b) zero 
9a) 12000A 9b) 960MW~= Qc) 4800J = 12) 1.2, 3.18 mH 


13a) 25A, 353A 13b) GOA 13c) O5A 14) 974A 
15a) 300 mA for 10 ms is not dangerous 15b) 30 mA for 2 min is 
hazardous 17a) 115.6 A, 124.7 A, 31.6A 17b) 2A 


17c) 81.8% lagging 18a) 777A 18b) 86.8%  21b) 17.5kA 
CHAPTER 37. 5a) 42.5kV 5b) 492A _ Ga) 150 MW 

6b) 200 A 7a) 600A, 57.6MW 10a) 400A 10b) 600 kV 
11) 1800 A, 835 Mvar 12) 45kW 13) 4050A_ 14a) 2.9 in? 
14b) 13.3892 14c) 43.4MW 14d) 426kV  14e) 94.7% 
15a) 360 Hz, 720Hz2z = 15b) 92, 1102 15c) 150 kV 

16a) 17.7A 16b) 15.6kV  16c) 159V 17a) 45.9° 

17b) 87.2 Mvar 
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Acceleration, of a drive system, 37, 38 

Active power, 124, 131 

ACSR cable, 65, 601 

Aerial conductors, 597, 601 

Air, 51, 57 

Air gap, 26, 27, 99 

Alnico, 97, 100 

Alternator, 19, 20 
three-phase (see Alternator, 3-phase) 
two-phase, 140 

Alternator, 3-phase, 348 - 372 
brushless excitation of, 356 
construction of, 349 - 355 
cooling of, 357 
elementary, 139 
equivalent circuit, 361 
excitation of, 353 
historical model, 358 
mechanical pole shift, 368 
power output, 369 
saturation curve, 359 
synchronization of, 364 
synchronous reactance, 359 
synchronous speed, 349 
torque angle, 366 
transient reactance, 370 
under load, 362, 365 - 372 

Ambient temperature, 286 

Ammeter, 161 

Ampacity, 79, 80, 601 

Ampere’s circuital law, 23 

Ampere-hour, 535 

Angle 
delay, 468, 471 
of advance, 649 
torque, 368, 381 

Anode, 436, 450 

Apparent power, 123, 131, 133 
in iron cores, 93 

Arcing horns, 621 

Armature 
of a de generator, 244 
of a dc motor, 263 
reaction, 276 

Asynchronous generator, 340 

Autotransformer, 210 - 213 
variable, 218 

Auxiliary winding, 394 

AWG gauge, 65 
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Basic insulation impulse level, 61 
Battery (see Cell) 


INDEX 


B-H curve, 24 
of a vacuum, 24 
of soft magnetic materials, 25, 86 
of permanent magnet materials, 97 
BIL, 61 
Billing demand, 555, 557 
Bipolar line, 656 
Boiler, 576 
Braking 
of adc motor, 272 
of an induction motor 336 
of a synchronous motor, 387 
regenerative, 340, 481, 514 
time, 274 
Brown and Sharp gauge, 65 
Brush, 20, 245, 282 
Brushless excitation, 356, 375 
Bus bar, 64 
Bushing, 218, 618 


Cable, 80 - 83 
impedance of, 601, 614 
Cam switch, 414, 432 
Capacitance, distributed, 214, 215, 639 
Capacitor, 128 
Cell 
alkaline-manganese, 537 
carbon-zinc, 536 
lead-acid, 539 - 541 
lithium-iron disulfide, 534 
mercury, 537 
nickel-cadmium, 542 
primary, 531 
secondary, 531, 538 
series-parallel connection of, 535 
sodium-sulfur, 534 
theory of 532 
typical properties of, 534 
Centrifugal switch, 398 
Celsius, degree, 7, 41 
Ceramic permanent magnet, 100 
Chain reaction, 584 
Chopper, 461 - 465, 492 - 494, 521 
Circuit 
equations for, 121 
solution of, 135, 150 
three-phase, 139 
two-phase, 140 
Circuit breakers 
a\r-plast, 620 
manual, 414 
minimum oil, 620 
oil, 618 
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sulfur hexafluoride, 620 Demand, 549, 563 
vacuum, 620 controller, 553 
Circular mil, 67 meter, 550 
Clock motor, 406, 569 Dielectric, 49 
Coal, 575, 578 constant, 57 
Coercive force, 87 strength, 54 
Coil pitch, 314 Differential compound, 255, 269 
Combustion, 574 - 576 Diode 
heat released, 575 operation of, 436 
Commutating poles, 277 properties of, 437 
Commutation Distorsion 
natural 444 dc field, 278 
forced, 452 harmonic, 115 - 117 
Commutator, 20, 245 Distribution systems 
Compensating winding, 278 low voltage, 632, 639, 643 
Condenser, 576, 579 medium voltage, 631 
synchronous, (see Synchronous capacitor) phasor relationships in, 144, 145 
Conductors power in, 148 
gauge number, 65 three-phase 3-wire, 144 
electrical properties, 69 three-phase 4-wire, 144 
mechanical properties, 76 transformer, 209 
resistance of, 68 Domains (see Magnetic domains) 
round, 66 Drive, electronic 
Consequent poles, 333 chopper and series motor, 492 
Contact commutatorless dc, 494 - 499 
normally closed, 413 converters with circulating current, 487 
normally open, 413 current-fed dc link, 500 
resistance, 7/2 principles of, 37, 480 
self-sealing, 422 cycloconverter, 501, 516 
Contactor first quadrant control, 482 
electronic, 458 four-quadrant control, 490 
magnetic, 416 hoist control, 490 
Control diagram, 418 Dynamo, 21 
Convection, heat loss by, 43 | 
Converter, 454, 465, 648 —_— — 
equivalent circuit of, 474 
power factor of, 476 Eddy currents, 90 
Cooling tower, 579 Effective value, 109, 112 
Coordination of protective devices, 633 Efficiency, 34 
Copper loss, 281 of cells, 538 
Corona effect, 597 of dc machines, 281 - 286 
Counter emf, 259 of induction motors, 305, 306 
Curie point, 100 Elastic limit, 77 
Current density, 282 Electrolyte, 75,531, 543 
Current transformer, 214 - 217 Electromagnet, 101 
Cutout, 634 force of attraction, 101 
Cycle, 20 Electromagnetic induction, 17 
Cycloconverter, 458, 501 - 507, 516 Electronic Power circuits 
pu basic types, 455 
Enclosures, 329 
Damper winding, 353, 375 Energy, 34 
DC link, 500, 519, 520, 523 consumed by a city, 559 
DC transmission (see HVDC transmission) consumed by appliances, 556 
Delta connection, 146 consumed in North America, 550 


voltage and current in, 148 flow in a thermal station, 580 


in three-phase circuits, 167, 170 
measurement of, 167 
product, 99 
Exciter, 353 
brushless, 356, 375 
pilot, 353 


a 


Fahrenheit, degree, 41 
Faraday, law of electromagnetic induction, 17 
Fast breeder reactor, 585, 587 
Feeder, 626, 644 
Field 
of a dc machine, 244 
revolving, 298 
Filter, 442, 448, 656 
Firing (see Triggering) 
Fission, 583 
Flashover, 60, 599 
Flux (see Magnetic flux) 
leakage, 178, 188 
mutual, 178 
Flux density (see Magnetic flux density) 
Force, 31 
on a conductor, 27 
of gravity, 31 
unit of, 31 
Foucault currents, 91 
Frequency, 20 
Fuels, 575,578 
Fuel cell, 542 - 545 
Fuse, 71 
Fusing current, 71 
Fusion, 588 


Galloping line, 597 

Gate, 450 

Gear motor, 332 

Generator, dc, 20, 243 - 257 
compound, 254 
construction of, 244 - 247 
differential compound, 255 
equivalent circuit of, 253 
historical note, 255 
induced voltage, 248, 250 
neutral zone, 248 
rating, 257 
separately excited, 251 
shunt, 252 
under load, 256 
voltage , 12-16 

Ground 
resistance of, 73, 598 


wire, 598, 641 


Ground fault circuit breaker, 641 


Grounding 
of dc terminals, 658 
of electrical systems, 638 
of equipment, 640 


Hall effect, 166 
Harmonics, 115 
filter, 656 
in an alternator, 350 
in a square wave, 116 
Heat, 40 
conduction of, 42 
radiation of, 44 
(specific), 41 
transmission of, 42 
Heating 
by induction, 221, 561 


of electrical machines, 286 - 289 


Hertz, 5, 20 

Heavy water, 583, 584 

Horsepower, 32 

Hot spot temperature, 286 

HVDC transmission 
basic equations, 650 
bipolar line, 656 
components of, 656 
ground electrode, 658 
harmonic filter, 656 


rectifier and inverter characteristic, 653 - 655 


INDEX 


typical converter stations, 658 - 665 


typical values of EF, J, P,O, 652 


Hydrogen, 51 
isotopes of, 583 
of cells, 538 

Hydropower station, 570 - 574 
power of, 570 

Hysteresis, 88 


loop, 88 
loss, 89 
motor, 405 


Impedance 
nominal, 193, 362 
of ac circuits, 121 
per unit, 193 
ratio, 183 
Impulse voltage, 60, 61 
Inching, 424 
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Induced voltage 
equality with applied voltage, 176 
Faraday’s law, 17 
Inductance 
current in, 118 
energy in, 120 
smoothing, 649, 656 
voltage induced in, 117, 175 
Inductor (see Inductance) 
Inertia 
energy due to, 35 
moment of, 35 
Infinite bus, 365 
Instability, 567, 568 
Insulation classes, 53, 55, 287 
life expectancy, 52,55, 79 
Insulators, 49 
classification of, 53, 55 
deterioration of, 52 
gaseus, 51 
liquid, 51 
pin-type, 595 
properties of, 57 
resistivity of, 53 
solid, 51 
suspension-type, 595 
Interpole, (see Commutating poles) 
Inverter 
equivalent circuit of, 474 
naturally commutated, 456, 467, 471 
self-commuted, 456, 460 
lonization, 56, 59 
lons, 56, 75, 532, 543 
Iron 
apparent core loss, 94 
losses, 92, 282 
Isotope, 583 
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Jogging, 424 
Joule, 5,6 
Kelvin, 4 
Kinetic energy, 35 
of linear motion, 35 
of rotary motion, 35 
kVA, 123 
Lagging, 107, 113, 132 
Laminations, 91, 92 
Lap winding 
of a de generator, 247 
of an induction motor, 313 - 319 
of a synchronous machine, 349 
Leading, 107, 113, 132 
Leakage flux, 178, 188 
Leakage reactance, 189, 219 


Lightning, 59 
arresters, 59, 624 
surge on a line, 60 
Line voltage, 145 
Line commutated (see naturally commutated) 
Linear induction motor, 320 - 322 
motion, 40 
Limit switch, 417 
Load, definition of, 12 
active, 125 
duration curve, 564 
reactive, 127 
unbalanced, 155 
Lorentz force, 27 
Losses, in electrical machines, 281 - 284 
in transmission lines, 600 
in transformers, 192 
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Magnetic 
circuit, 22 (solution of), 26 
constant, 24 
difference of potential, 23 
domains, 86, 94 
energy, 95 
field intensity, 23, 24 
flux, 23, 24 
flux density, 23, 24, 86 
force of attraction, 101 
levitation, 322 
permeability, 24 

Magnetomotive force, 22 
of a permanent magnet, 95 

Mass, unit of, 3 

MCM, 67 

Mechanical power, 33 

Metals, properties of, 69 

Mil, 67 
circular, 67 
square, 67 

Mill, 555 

Moment of inertia, 35 
equations for, 36 

Motor, direct current, 259 - 279 
braking, 272 
commutatorless, 494 - 499 
compound, 269 
current fed, 494 
differential compound, 269 
mechanical power, 261 
plugging, 272 
series, 267 
shunt, 266 
speed, 263 


speed control, 264 - 266 
starting of, 270 
torque, 262 
Motor, single-phase induction, 392 - 405 
capacitor-run, 402 
capacitor-start, 399 
construction of, 392 
principle of, 395 
shaded pole, 404 
split-phase, 398 
synchronous speed, 394 
torque-speed characteristic, 395, 401 
vibration of, 400 


Motor, synchronous, (see Synchronous motor) 


Motor, three-phase induction 
abnormal operating conditions, 336 
as generator, 340 
basic equations, 306, 307, 312, 338 
braking of, 336 
construction of, 292 - 296 
direction of rotation, 300 
enclosures, 329 
linear type, 320 
mechanical power, 307 
plugging of, 334 
principle of, 297 
rotating field, 298 
rotor voltage and frequency, 304 
sector type, 320 
slip, 303 
standardization of, 328 
synchronous speed, 301 
torque, 307 
torque-speed characteristic, 309, 339, 344 
two speed, 332 
typical characteristics of, 305, 330, 331 
windings, 313 - 319 
wound rotor, 310, 342, 521 
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National Electrical Code, 79 

Network, 593 

Neutral 
of single-phase system, 209 
of three-phase system, 209 
zone, 248 

Newton, 4 

Noise, 446, 656 

Nuclear 
power stations, 582 - 588 
reactors (types of), 584 - 589 

Ohm, 5 

Ohmmeter, 75 
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Oil 
as coolant, 43 
as insulator, 51 
as fuel, 578 
Outage, 568 
Outlet, 644 
power of, 130 
Over compound generator, 255 


a. 
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Pascal, 6 
Peak load, 564 
Penstock, 572 
Permanent magnet, 94 - 100 
Permeability, 24, 25 
Per unit impedance 
of an alternator, 362 
of a transformer, 194, 197 
Phase 
angle, 107 
meaning of, 144 
sequence, 153 
Phasor, 112-115 
Pilot exciter, 353 
Pilot light, 416 
Pitch, 314 
Plugging, 272, 275, 334, 424 
Polarity 
additive, subtractive, 200 
of a transformer, 178, 200 
of a voltage, 12 
Polarization, 536 
Pole, 664 
Polymer, 51 
Potential 
level, 15 
transformer, 213 
Power, 32 
active, 124 
angle (see Torque angle) 
apparent, 123 
factor (see Power factor) 
in ac circuits, 133 
in 3-phase circuits, 148, 165 
instantaneous, 108, 125, 141, 166 
of a motor, 33, 34, 38 
mechanical, 33 
reactive, 126 
Power factor, 131, 149 
correction, 132, 559 
in rate structures, 552 
Power generation 
base load, 564, 573 
hydropower, 570 - 574 
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nuclear, 582 - 588 
pumped storage, 573 
thermal, 574 - 582 
thermal model, 582 

Power triangle, 131 

Pull-in torque, 378 

Pull-out torque, 379 

Pulse number, 446 

Pulse width modulation, 525 

Pumped storage, 573 

Push button, 415 

Primary, 177 

Prony brake, 33 

Protective devices, 71,634, 636 

Quadrant, 480 

Quadrature component, 130 


oo 


Radiation, 44 
constants, 45 
Rate structure, 553 
Rating 
name plate, 256, 257 
nominal, 256 
of a dc machine, 256 
of an alternator, 356, 357 
of a transformer, 192, 203, 204 
of a synchronous motor, 384 
Reactance, 120 
leakage, 189, 219 
Reactive power, 126, 131 
without magnetic field, 134 
produced by switching, 134, 518 
Reactor 
current limiting, 626 
line compensating, 611 
nuclear, 584 - 589 
smoothing, 649, 656 
Real power (see Active power) 
Receptacle, 130, 644 
Recloser, 634 
Rectifier 
bridge, 441, 446 
controlled, 454, 456 
equivalent circuit, 474 
power factor of, 476 
switching behavior, 448 
three-phase, 3-pulse, 444 
three-phase, 6-pulse, 446, 466, 468 
Regenerative braking, (see Braking) 
Regulating transformer, 632 
Relay 
control, 415 
exciting current of, 417 
overload, 422 


thermal, 415, 423 

time delay, 428 
Reluctance, 23 

motor, 407 
Remanent magnetism, 266 
Residual flux density, 87 
Residual magnetism, 266 
Resilient mounting, 402 
Resistance, unit of, 5 

ground, 73 
Resistivity 

of conductors, 68, 69 

of insulators, 53 

of pure water, 75 

of salt water, 76 

of the earth, 73, 74 

surface, 53 

volume, 53 
Reversal 

dc motor, 270 

induction motor, 300 
Rheostat 

field, 253, 265 

wound rotor, 313 
Rotating field 

in a three-phase machine, 298 

in a single-phase motor, 395 

synchronous speed of, 301 
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Sag, 597 
Salient pole, 353 
Saturation curve (see also B-H curve) 
of a de generator, 251 
of an alternator, 359 
of a transformer, 192 a 
Saturation flux density, 86 
Scott connection, 236 
SCR (see Thyristor) 
Scroll case, 572 
Secondary, 177 
Sectionalizer, 635 
Sector motor, 320 
Segment, commutator, 20, 245 
Selsyn, 408 
Series capacitor, 610 
Series motor 
dc, 267, 492 
single-phase, 405 
Service factor, 337 
Servo (see Selsyn) 
Shaded pole, 404 . he 
Shock (electric), 638 po 
Short-circuit 
of an alternator, 370 


of a transformer, 197, 219 
of a transmission line, 626 
protection (see Protective devices) 
ratio, 362 
Siemens, 6 
Sign notation 
positive and negative, 12 
voltage, 12 - 16 
SIL (see Surge impedance load) 
Single-phasing, 337 
Size of electrical machines, 289, 331, 333, 356 
Source 
active, 125 
definition of, 12 
reactive 127 
Slip, 303 
Slip ring, 20, 297 
Specific heat, 41, 69 
Speed, of a drive system, 37 
Spillway, 572 
Stability, 566, 568 
Starter 
across-the-line, 418, 421, 422 
autotransformer, 430 
dc motor, 271 
part winding, 432 
primary resistance, 427 
reduced voltage, 426 
wound rotor, 313 
wye-delta, 432 
Static var compensator, 221, 612 
Stator, 292, 392 
Star connection (see Wye connection) 
Substation, 592, 617, 628 - 630 
Submarine cable, 83, 614 
Sulfur hexafluoride, 51, 57 
Surge diverter (see Lightning arrester) 
Surge impedance load, 612 
SVC (see Static var compensator) 
Switch 
air break, 621 
centrifugal, 398 
disconnecting, 414, 623 
grounding, 624 
Symbols, electrical diagram, 420 
Synchronization, 364 
Synchronous capacitor, 385 
Synchronous motor (three-phase) 
as commutatorless dc machine, 498 - 507 
braking of, 387 
construction of, 375 - 377 
equivalent circuit, 379 
excitation of, 377, 383 
mechanical power, 381 
reactive power of, 383 
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starting a, 378 

synchronous speed, 376 

torque, 382 

under load, 379 - 383 

V-curve, 384 

versus induction motor, 389 
Synchronous reactance, 361, 362 
Synchronous speed 

of single-phase motors, 394 

of synchronous motors, 376 

of 3-phase alternators, 349 

of 3-phase induction motors, 302 
Synchroscope, 364 


Taps, 201 
Tariff (see Rate structure) 
Telephone interference (see Noise) 
Temperature | 
absolute, 44 
absolute zero, 40 
ambient, 16, 286 
coefficient of resistance, 70 
hottest spot, 286 
rise (see Temperature rise) 
scales, 41 
Temperature rise 
by resistance method, 288 
of electrical machines, 286 - 289 
of electrical wiring, 79, 80 
of insulation classes, 55 
Tertiary winding, 228, 657, 658 
Tesla, 6, 23, 313 
Thermal generating stations, 574 - 582 
Thermal conductivity, 42, 56, 57, 69 
Thermistor, 73 
Thyristor, 134, 450 
power gain, 452 
principle of, 452, 453 
properties of, 451 
Thyrite, 73 
Torque, 31 
angle, 366, 381 
breakdown, 309 
of a drive system, 37 
locked rotor, 310, 312 
measurement of, 33 
pull-out, 379 
pull-up, 309 
Transformers 
autotransformer, 210, 232 
classification of, 206 
construction of, 190 
(converter), 657 
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cooling of, 203 
distribution, 209 
equivalent circuit, 183, 189, 195 
exciting current, 186 

flux in, 176, 179 
grounding type, 627 

high impedance type, 219 
ideal, 179 

impedance of, 193 
induced voltage, 176 

in parallel, 201 

iron losses in, 186 

leakage reactance, 189 
losses in, 192 

magnetizing current, 177 
parallel operation of, 201 
phase shift 237, 613 
polarity of, 178, 239 
rating of, 192 

ratio, 179, 181, 183 
reflected impedance, 184 
saturation curve, 193 
single-phase, 175 

special applications, 219 - 221 
taps, 201 

temperature rise, 206 


three-phase (see Transformers, three-phase) 


Transformers (three-phase) 
autotransformer, 232 
delta-delta, 225 
delta-wye, 226 
open delta, 228 
phase shift in, 224, 233, 237 
phase shifting, 237 
polarity of, 239 
Scott connection, 236 
tertiary winding, 228 
three-phase to two-phase, 236 
voltage regulation, 238 
wye-delta, 228 
wye-wye, 228 

Transient reactance, 370 

Transmission lines 
dc, 647 
choice of conductors, 601 
components of, 595 
dampers, 597 
equivalent circuit, 600 
impedance, 601 
interconnection of, 593 
power of, 604 - 608 
selection of line voltage, 608 
surge impedance loading of, 612 
towers, 599 
types of, 593 - 595 
voltage classes, 594 


Traveling wave, 60 
Triggering of gate, 450, 452, 453 
Turbines, 576, 579 
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Ultimate strength, 77 
Unbalanced loads 
single-phase, 637 
three-phase, 144, 155 - 158 
Units 
base, 3 
conversion of, 7 (see Appendix) 
derived, 4 
in electricity, 8 
in mechanics, 6 
in thermodynamics, 7 
metric, 2 
multiples and submultiples, 5 
SI, 2 
Universal motor, 405 
Uranium, 583 
enriched, 583, 586 
Valve, 649 
Var, 126 
Varistor, 73 
Varmeter, 126, 167 
V-curve, 384 
Voltage 
ac, 107 
choice of transmission line, 608 
effective value, 110, 111 
induced, 17, 18 
level, 15, 436 
peak, 107 
peak inverse, 437, 451 
Volt-second, 117, 118 
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Ward-Leonard system, 264 

Watt, 7, 32 

Watthourmeter, 167 

Wattmeter, 129, 163 

Weber, 7,17, 23 

Weight, 31 

Work, 32 

Wound-rotor motor, 292, 310 
as frequency converter, 342 
electronic control of, 522 
starting of, 313 
torque-speed curve, 311 

Wye connection, 143 
voltage and current in, 148 

Yield strength, 77 

Zero-speed switch, 427 
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